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ABSTRACT OF THE DISSERTATION 
 
 
ANTIMICROBIAL EFFICACY OF NATURAL BIOACTIVE 
COMPOUNDS AND HIGH PRESSURE PROCESSING AGAINST 
POTENTIAL PATHOGENS IN INFANT FOODS 
 
This study investigated the antimicrobial efficacy of bioactive plant compounds along with 
high pressure processing (HPP) against pathogens Bacillus cereus and Cronobacter 
sakazakii in infant formula and infant rice cereal. The influence of these applications on 
antimicrobial activity, shelf-life and sensory attributes of infant foods were examined.  
Trans-cinnamaldehyde (TC), (-)-Epigallocatechin gallate (EGCG) and [10]-Gingerol (GI) 
were incorporated (0.05%) in infant rice cereal reconstituted with infant formula. The 
cereal was inoculated with either B. cereus (ATCC 14579) or B. cereus spores (107-108 log 
CFU g-1). All the samples were stored at 7, 23 or 37°C for 0, 4, 8 and 24 h. TC showed the 
highest antimicrobial activity by inhibiting the B. cereus and its spores up to 2.72 and 3.8 
log CFU g-1, respectively.  
HPP (600 MPa for 5 m), and TC (0.05-0.1%) along with Chitosan (CH) (1%), were applied 
to reconstituted powder infant formula which was inoculated with either 3 strains of C. 
sakazakii (ATCC 29544, ATCC 12868, and ATCC BAA 894) or 5 strains of B. cereus 
spore (ATCC 14579, ATCC 33018, ATCC 12826, ATCC 4342, and Difco Spores) cocktail 
(107-108 log CFU ml-1). All the samples were stored at 7, 23 or 45°C for 5-8 weeks. HPP 
and TC (0.1%) combination exhibited the highest inhibition (P < 0.05) by reducing the B. 
cereus spores 2.97 log CFU ml-1 after 7 d. C. sakazakii was fully inactivated by HPP, TC 
(0.05%) and C (1%) combination following 8 weeks of storage at 7 and 23°C and 2 weeks 
storage at 45°C. The combination of HPP and bioactive compounds exhibited additive 
antimicrobial effect. 
 
 
Gradual decrease (P < 0.05) in pH was observed in rice cereal and non-HPP formula 
samples due to the microbial growth and metabolic activity. Significant differences (P < 
0.05) were found in color, aroma and general appearance of EGCG and GI applied cereal 
samples, while TC only did exhibit a cinnamon taste. 
In summary, the antimicrobial findings suggest that TC, EGCG, GI and CH could be 
incorporated in infant foods along with HPP as natural and safe alternatives to synthetic 
preservatives and thermal applications.  
KEYWORDS: infant formula, infant cereal, B. cereus, C. sakazakii, high pressure 
processing, shelf-life 
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CHAPTER 1. INTRODUCTION 
The safety of infant food and follow-up formula, including, powdered infant formula (PIF) 
and infant cereal, is vital for the health of infants since they do not have well-developed 
immune systems and are more vulnerable to foodborne infections. In order to assure the 
microbiological safety of infant foods, several microbiological criteria were set by the 
Codex Alimentarius Commission (CAC, 1979). The specific microorganisms commonly 
tested and isolated from infant foods include Staphylococcus aureus, Bacillus cereus, 
Salmonella, Cronobacter sakazakii and other Enterobacteriaceae (Amalaradjou et al., 
2009). 
Infant formulas are food products designed to provide for the nutritional needs of infants 
under 12 months old. They include powders, concentrated liquids, or ready-to-use forms. 
PIF constitutes the majority of infant formula fed to infants worldwide (Amalaradjou et al., 
2009). According to the epidemiological studies, the dry PIF is the primary source of C. 
sakazakii transmission (Strydom et al., 2012). There have been many recalls of C. sakazakii 
contaminated infant formula in the United States (Gurtler et al., 2005; Iversen and 
Forsythe, 2004). In November 2002, there was a nationwide recall of more than 1.5 million 
cans of PIF contaminated with C. sakazakii (FSNET, 2002). Therefore, the Food and Drug 
Administration (FDA) issued an alert to U.S. healthcare professionals regarding the risk 
associated with C. sakazakii infections among neonates fed milk-based PIF (FDA, 2002). 
The reported mortality rates of infections due to C. sakazakii vary significantly, ranging 
from 40-80% (Bowen and Braden, 2006). In the United States, sporadic cases of infant C. 
sakazakii infections have been reported (CDC, 2001, 2009) the most recent cases involving 
4 infants less than 12 months old and resulting in two deaths between November and 
December of 2011(CDC, 2012; Fang et al., 2012).  
C. sakazakii has been isolated from both PIF-processing environments and PIF itself by 
numerous investigators (Amalaradjou et al., 2009; Beuchat et al., 2009; O'Brien et al., 
2009). Reich et al. (2010) collected 867 environmental samples from various locations in 
a PIF-processing plant. Fourteen of 35 (40%) sampled locations, as well as 94.3% of the 
environmental powder samples, were reported positive for Cronobacter spp. The 
contamination of PIF with C. sakazakii occurs mostly as post-processing contamination 
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from the processing environment or through the addition of contaminated ingredients 
during the powder production stage (Huertas et al., 2015; Strydom et al., 2012). Another 
contamination route is the colonization and biofilm formation of C. sakazakii in the PIF 
preparation utensils, such as bottles, brushes and spoons (Al-Holy et al., 2009). 
Reconstituted PIF is a nonsterile product which should be prepared, handled and stored 
appropriately. C. sakazakii does not grow in dry PIF (Gurtler and Beuchat, 2007), and very 
low numbers of the organism were detected in PIF. However, if reconstituted PIF is 
temperature abused over time (if kept for extended periods of time in bottle heaters or at 
room temperature), C. sakazakii has the capability to grow substantially (Fang et al., 2012), 
up to >105 CFU ml-1, due to its short lag and generation times (Amalaradjou et al., 2009; 
Hayes et al., 2009). 
Dried milk products, including PIF and infant cereal, were frequently contaminated with 
B. cereus, especially with its spores (Reyes et al., 2007; Shaheen et al., 2006; Stoeckel et 
al., 2013a). Infants and young children have been diagnosed with infections caused by B. 
cereus (Richards et al., 2005), which has been isolated from baby food (Rahimi et al., 
2013), rice and rice products. Pervasive occurrence of the organism, its heat-resistant 
spores, and the ability of vegetative cells of some strains of toxigenic B. cereus to survive 
and grow at refrigeration temperatures make it a particular concern in dry infant foods, 
especially when they are reconstituted and stored for extended periods before consumption 
(Jaquette and Beuchat, 1998). In United States, from 2010 to 2013, 64% of foodborne 
illness outbreaks due to B. cereus were reported to be caused by improper storage 
temperature (CDC, 2014, 2015). Fifty percent of these outbreaks were linked to the 
consumption of rice and rice products.  
Infant cereal is an industrially manufactured baby food that is based on rice and other types 
of grains, including oatmeal and barley. In the United States, it is the initial food 
recommended by pediatricians for solid food-ready babies in the second half of the 20th 
century. About 90% of babies aged four to twelve months eat rice or some type of other 
grain cereals. For most babies, the first solid food is infant cereal, which is a nutritious food 
providing high amounts of protein, essential vitamins and minerals (Sokal-Gutierrez, 
2013). Infant cereal is recommended to be prepared either with breast milk or infant 
formula, therefore parents or caregivers need to fulfill and maintain the safety precautions 
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on preparation, storage and handling of infant formula and cereal which are clearly stated 
by the FDA, WHO and ESPGHAN (The European Society for Pediatric Gastroenterology 
Hepatology and Nutrition) (Agostoni et al., 2004; FDA, 2015a; WHO, 2008b). 
Both reconstituted infant formula and rice cereal can be contaminated during preparation, 
and existing bacteria can multiply quickly if it is improperly handled or stored. If the 
prepared formula and cereal are not used to feed the infants immediately, they should be 
refrigerated right away and kept refrigerated until feeding. The prepared formula or cereal 
is not recommended to be kept for more than two hours at room temperature and more than 
24 hours at refrigeration temperature. In case the baby doesn’t finish the formula and/or 
cereal, it should be discarded instead of putting it back into the refrigerator (FDA, 2014).  
Although heat treatment is reported as a general method for inactivating or reducing C. 
sakazakii, it is still one of the most thermo-tolerant bacterium in the Enterobacteriaceae 
family (Lee et al., 2007; Lin and Beuchat, 2007). Reconstituted infant formula and rice 
cereal with a limited refrigerated shelf-life are prone to C. sakazakii and B. cereus food 
poisoning. Conventional pasteurization techniques destroy vegetative cells but do not kill 
spores (Park et al., 2013). B. cereus spores, with decimal reduction times at 100°C for 2.2-
5.4 min, could survive pasteurization, and vegetative cells from some strains can still grow 
at low temperatures of 4-5°C (Islam et al., 2006; Lopez-Pedemonte et al., 2003). The 
alternative processing techniques such as superheated steam, sanitizers and antimicrobials 
have certain drawbacks as they do not efficiently inactivate B. cereus, and/or they are not 
safe to be used in baby food. Superheated steam may damage the nutritive value, color, 
and taste (Park et al., 2013), while sanitizers and synthetic antimicrobials are not suitable 
due to their residual toxicity (Park et al., 2013).  High pressure processing (HPP) of food 
has been developed as an alternative to thermal processing (Joshi et al., 2014), which can 
reduce the quality deterioration and prevent nutrient losses during preservation (Krebbers 
et al., 2002; Wang et al., 2009). The ability to inactivate microorganisms without adversely 
affecting quality and nutritional attributes, as well as the increasing consumer demand for 
safe, minimally processed, preservative-free foods with an extended shelf-life, makes HPP 
a potential application in infant formula and other infant foods. 
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In addition to processing technologies and chemical inactivation methods, there is an 
increased interest towards the use of natural products as antimicrobials. Increased antibiotic 
resistance among Bacillus spp. spores and Cronobacter spp., as well as concerns regarding 
the safety of synthetic preservatives, have resulted in expanding interest in the use of 
alternative natural antimicrobials (Burt, 2004; Cetin-Karaca, 2011; Martins et al., 2014). 
Numerous plant extracts, phytochemicals, essential oils, organic acids, peptides derived 
from milk proteins, and polysaccharides derived from crustaceans have shown 
antimicrobial activities against various foodborne pathogens (Cetin-Karaca, 2011; Jun et 
al., 2013). Infant food, particularly infant formula and cereal production, are highly 
regulated (Alimentarius, 2007; Regulations, 2015), and they belong to the high risk 
branches of food manufacturing, requiring great care and attention to detail at all stages. 
Therefore, it is very important to take appropriate and effective food safety measures at all 
stages (FDA, 2015a; Regulations, 2015). Trans-cinnamaldehyde (TC), (-)-epigallocatechin 
gallate (EGCG) and [10]-gingerol (GI) are bioactive phytochemicals derived from 
cinnamon bark, green tea, and ginger, respectively. They are all generally recognized as 
safe (GRAS) by the FDA and also approved in food applications (21 CFR 182.60) (FDA, 
2015b). Previously, antimicrobial activity of TC has been reported in vitro against both 
Gram-positive and Gram-negative bacteria (Pei et al., 2009; Shan et al., 2007a). Also, TC 
reduced C. sakazakii from abiotic surfaces by 4.0 log CFU ml-1 (Amalaradjou and 
Venkitanarayanan, 2011a) to undetectable levels in infant formula (Amalaradjou et al., 
2009) after 96 and 4 h of exposure, respectively. Antimicrobial activities of EGCG 
(Steinmann et al., 2013) and GI (Park et al., 2008; Sivasothy et al., 2011) have been also 
reported in vitro, however very little research has been done to establish their efficiency in 
food applications. 
Chitosan (CH) is a polysaccharide obtained from partial deacetylation of chitin, the main 
constituent of the crustacean skeleton (Rabea et al., 2003). Owing to its high 
biodegradability, biocompatibility, nontoxicity and antimicrobial properties, chitosan is 
widely used as an antimicrobial agent, either alone or blended with other natural 
compounds (Alishahi, 2014; Kong et al., 2010). It has been studied in food applications as 
a preservative and antimicrobial agent (Martins et al., 2014), including in surface coatings 
(dos Santos et al., 2012), edible films (Vu et al., 2011) on meat products, fruits and 
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vegetables (Romanazzi et al., 2015), or as an additive in ground beef (Suman et al., 2011) 
and several acidic foods (Chen et al., 2011). 
Although antimicrobial activity of the aforementioned bioactive phytochemicals has been 
reported against C. sakazakii, C. botulinum, S. aureus, E. coli, and S. typhimurium in vitro, 
their application in specifically infant foods to improve food safety has not been 
systematically investigated in depth. The main aims of this research are to elucidate the in 
situ role of bioactive phytochemicals and HP in growth inhibition of C. sakazakii and B. 
cereus, and to identify the quality and shelf-life characteristics of reconstituted infant 
formula and infant cereal on the oxidative, emulsion stability and sensorial properties 
stored at different storage temperatures.  
The specific objectives of my dissertation research were: 
1. To determine the antimicrobial efficacy of selected bioactive phytochemicals against 
B. cereus and its spores in infant cereals reconstituted with infant formula for the storage 
temperatures of 7, 23, or 37°C.  
2. To investigate the antimicrobial efficacy of TC, CH and HP against C. sakazakii in 
reconstituted infant formula stored at 7, 23, or 45°C.  
3. To determine the survival of B. cereus spores in reconstituted infant formula stored at 
7 or 23°C and affected by TC and HP.  
4. To assess the effects of bioactive phytochemicals and HP on the storage stability, shelf-
life characteristics and sensorial quality of reconstituted infant formula and rice cereal. 
5. To explore the structural alterations in B. cereus and C. sakazakii, as affected by 
bioactive phytochemicals and HP, using transmission electron microscopy. 
The selected temperature range covers the temperature span for the preparation and 
consumption of reconstituted infant formula and rice cereals in various parts of the world.    
The range simulates situations such as lack of refrigeration, exposure to excessive heat or 
advanced preparation by parents or staff at daycare or hospital. 
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CHAPTER 2. LITERATURE REVIEW 
2.1. Infant Foods 
Infant foods are the primary source of nutrition for babies before they are able to digest 
other types of food. Infant food is soft and easily consumed food, other than breast 
milk or infant formula that is made specifically for infants aged from 4-6 months to 2 years. 
The food comes in multiple varieties and tastes; cereals, fruit and vegetable purees, and 
protein based purees. Their high values for proteins, minerals, fats, and vitamins are 
undeniable. Babies, especially the ones under one year old and the premature infants have 
an undeveloped and weak immune system and therefore they are vulnerable to infections 
which are mostly stemmed from their foods. Therefore, the hygienic quality of baby foods 
is very important. Foodborne diseases are a worldwide growing health problem involving 
a wide spectrum of illnesses caused by bacterial, viral, parasitic, or chemical contamination 
of food (Rahimi et al., 2013). Every year, 1.9 million children die of diarrheal disease 
caused by consuming contaminated foods, an illness which is generally easy to treat unless 
misdiagnosed. Malnourished infants and children are especially exposed to foodborne 
hazards and are at higher risk of developing serious forms of foodborne diarrheal diseases; 
these infections in turn exacerbate malnutrition thus leading to a vicious circle and 
mortality. Those who survive may suffer from delayed physical and mental development, 
depriving them of the opportunity to reach their full potential in society (WHO, 2008a). 
2.1.1. Infant Formula  
Human milk is the ideal source of nutrients for infants since it promotes the development 
of the infants by providing nutrients in forms and levels easily absorbed in their developing 
intestines. Leading authorities, including the WHO, recommend that babies be exclusively 
breastfed for the first six months and then breast milk should be used as part of their diet 
until at least the beginning of the child's second year (WHO, 2007b). There are 
circumstances, however, where bottle feeding is necessary, e.g. insufficient milk 
syndrome, mother’s health and breast feeding problems. In order to provide alternative 
nutrition for infants under 12 months old, infant formulas are designed with similar 
combinations of protein, fat, carbohydrate, vitamin and mineral. Infant formulas are 
commercially available in powder, ready to feed liquid or concentrated liquid (additional 
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water needs to be added) forms. Powdered infant formula (PIF) constitutes the majority of 
infant formula fed to infants worldwide (Amalaradjou et al., 2009).  
PIF is formulated to mimic the nutritional profile of human breast milk rather than cows’ 
milk (Agostoni et al., 2004; Breeuwer et al., 2003). Since the two differ in composition, 
various modifications are made during processing, including reducing the levels of protein, 
minerals and fat, while increasing the levels of whey protein and carbohydrates in the milk 
(Yan et al., 2012). Nutrition content of infant formula is presented in Table 2.1. In addition, 
the calcium to phosphorus ratio is increased and vitamins are added (Strydom et al., 2012). 
PIF is produced by combining milk with other essential ingredients (milk derivatives, 
carbohydrates, soy protein isolates, vitamins, minerals and additives) using either a ‘wet’ 
or ‘dry’ blending method (FAO/WHO, 2004). Figure 2.1 demonstrates the manufacturing 
process of PIF. The ‘wet’ blending method involves combining all ingredients in a liquid 
phase, heat-treating the liquid, and then spray-drying to achieve a powdered product. In the 
‘dry’ blending method, all ingredients are individually prepared and heat treated prior to 
being combined in the dry form. Problems that limit the use of the latter method include 
difficulties in mixing, segregation of ingredients, as well as a higher probability of post-
processing contamination (Nazarowec‐White and Farber, 1997; Norberg et al., 2012). In 
some processing facilities, a combined ‘wet’ and ‘dry’ method is used, where the soluble 
ingredients are added during the liquid phase, followed by the less soluble ingredients 
being added to the spray-dried powder. Since in-factory contamination most probably 
occurs at some point between spray drying and packaging, the risk of PIF contamination 
depends on the specific factory environment, rather than solely on the manufacturing 
processes (Gurtler et al., 2005; Strydom et al., 2012). 
PIF is not a sterile product and may easily be contaminated with several pathogenic 
microorganisms (Soler et al., 2012). In addition, infants and young children do not have a 
well-developed immune system and therefore are more vulnerable to foodborne infections 
(Agostoni et al., 2004). Thus, the microbiological safety of the infant and follow-up 
formula is very critical. To assure the microbiological safety of infant formula, several 
microbiological criteria were set by the Codex Alimentarius Commission (CAC, 1979). 
The specific microorganisms commonly tested are Staphylococcus aureus, Bacillus cereus, 
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Salmonella spp., Cronobacter sakazakii, and other Enterobacteriaceae (Amalaradjou et 
al., 2009). 
Table 2.1. The nutrition content of infant formula in 100 ml. 
Content Value (100 ml formula) 
Calories, cal 64.3 
Protein, g 1.33 
Fat, g 3.62 
Carbohydrate, g 6.92 
Water, g 90.6 
Linoleic acid, mg 643.1 
Vitamin A, IU 192.9 
Vitamin D, IU 48.2 
Vitamin E, IU 0.96 
Vitamin K, IU 5.1 
Thiamin (Vitamin B1), mcg 6.43 
Riboflavin (Vitamin B2), mcg 102.9 
Vitamin B6, mcg 40.5 
Vitamin B12, mcg 0.17 
Niacin, mcg 707.4 
Folic acid (Folacin), mcg 10.3 
Pantothenic acid, mcg 302.3 
Biotin, mcg 2.96 
Vitamin C (Ascorbic acid), mcg 5.8 
Choline, mg 15.4 
Inositol, mg 3.15 
Calcium, mEq 2.64 
Phosphorus, mg 28.3 
Magnesium, mg 3.9 
Iron, mg 1.2 
Zinc, mg 0.51 
Manganese, mcg 3.2 
Copper, mcg 61.1 
Iodine, mcg 3.9 
Selenium, mcg 1.3 
Sodium, mg 0.71 
Potassium, mg 70.7 
Chloride, mg 43.7 
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Figure 2.1. Manufacturing process of powdered infant formula (Milk, 2015). 
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2.1.1.1. Presence of Cronobacter sakazakii in Infant Formula 
Cronobacter is an emerging genus of opportunistic Gram-negative pathogens that is a 
member of the Enterobacteriaceae family. Cronobacter are motile, non-spore forming, 
facultative anaerobic bacteria which can grow over a wide temperature range of 6-46°C 
(Chap et al., 2009; Forsythe, 2005; Iversen and Forsythe, 2004). Initially Cronobacter 
genus was defined as the species Enterobacter sakazakii by Farmer et al (Farmer et al., 
1980) and in 1980 to honor the Japanese bacteriologist Richi Sakazakii the name was 
changed. C. sakazakii is an occasional contaminant of PIF that can cause a rare but life-
threatening form of neonatal meningitis (inflammation of the lining of the brain), 
bacteremia, necrotizing enterocolitis (NEC) (severe intestinal infection), sepsis (bacteria in 
the blood), and necrotizing meningoencephalitis after ingestion (Hunter and Bean, 2013; 
Iversen and Forsythe, 2003). C. sakazakii was first associated with neonatal deaths in 1961 
by Urmenyi and Franklin (1961). Both meningitis and NEC caused by C. sakazakii have 
high mortality rates of 40-80% and 10-55%, respectively (Forsythe, 2005). In addition to 
the high fatality rate of C. sakazakii infections, it may result in severe neurological sequelae 
such as hydrocephalus, quadriplegia, and retarded neural development in survivors 
(Forsythe, 2005). Figure 2.2 outlines a possible model for Cronobacter infection after 
ingestion of contaminated PIF. The bacteria release enterotoxin (+E), which may increase 
bacterial virulence and disrupt the intestinal barrier causing necrotizing enterocolitis. 
Cronobacter adhere to the intestinal epithelial barrier, causing barrier degradation and 
soliciting an inflammatory response in the host. This inflammatory response is 
characterized by the production of cytokines, which in turn recruit immune cells to the site. 
Once the barrier is breached Cronobacter spp. may enter the blood stream, resulting in 
(bacteremia) sepsis and meningitis (Healy et al., 2010; Hunter and Bean, 2013). Other 
resultant diseases such as conjunctivitis, urinary tract infections, diarrhea, tonsillitis and 
osteomyelitis were also reported (Gurtler et al., 2005; Hunter and Bean, 2013). Although 
illnesses due to Cronobacter spp. have been reported in all age groups, it appears that 
infants (particularly neonates) are at the highest risk for infection, especially those who are 
born prematurely, have a low birth weight or are immunocompromised  (FAO/WHO, 
2008). Infections in healthy infants have also been reported (Norberg et al., 2012; Strydom 
et al., 2012), and it has been proposed that the immature immune systems and 
11 
 
gastrointestinal tracts of this group make them less capable to combat pathogens and allow 
prolonged survival of Cronobacter in the body (FAO/WHO, 2004; Iversen and Forsythe, 
2003).  
 
 
Figure 2.2. Model of Cronobacter infection following ingestion of contaminated PIF. 
(Hunter and Bean, 2013). 
 
Although C. sakazakii has been isolated from a variety of foods such as milk powder, 
powdered infant formula, dried infant foods as well as herbs and spices (Iversen and 
Forsythe, 2004; Norberg et al., 2012), epidemiological studies implicate the dried PIF as 
the primary source of transmission (Strydom et al., 2012). It has been isolated from PIF by 
numerous investigators (Amalaradjou et al., 2009; Beuchat et al., 2009; O'Brien et al., 
2009), and there have been many recalls of C. sakazakii contaminated infant formula in the 
United States (Gurtler et al., 2005; Iversen and Forsythe, 2004). In November 2002, a 
nationwide recall of more than 1.5 million cans of PIF contaminated with C. sakazakii was 
reported (FSNET, 2002). On April 12, 2002, the United States Food and Drug 
Administration (FDA) issued an alert to U.S. healthcare professionals regarding the risk 
associated with C. sakazakii infections among neonates fed milk-based PIF (FDA, 2002). 
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Figure 2.3 demonstrates the worldwide distribution of reported cases. Although the 
majority of the cases are within the US; the infections are widespread in the world. 
 
 
Figure 2.3. Worldwide distribution of reported cases of neonatal Cronobacter spp. 
infection. Each case was grouped based on the country, in which it was recorded. The 
others segment include Canada, India, Korea, the Netherlands, New Zeeland and Slovenia 
(Hunter and Bean, 2013). 
 
Reconstituted PIF (RPIF) is nutritious but can support bacterial growth when given 
favorable conditions of water availability, time and temperature. Therefore, once 
reconstituted, the only remaining barriers to generate bacterial growth and risk of infection 
are time and temperature. When bacteria are present, they can multiply during preparation, 
cooling, storage and holding of the feeding bottles (Hayes et al., 2009). Contamination of 
PIF by Cronobacter spp. can be intrinsic or extrinsic. With intrinsic contamination the 
organism is introduced into PIF during the manufacturing process. In general Cronobacter 
spp. do not survive the pasteurization treatments applied during manufacture of PIF. 
Therefore, it has been suggested that intrinsic contamination probably occurs after the heat 
processing (Iversen and Forsythe, 2004) by the addition of contaminated ingredients after 
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spray drying or from the factory environment between drying and packaging. Extrinsic 
contamination could occur during reconstitution and handling, for instance when using 
poorly cleaned or sanitized equipment or utensils (Huertas et al., 2015; Strydom et al., 
2012). Figure 2.4 shows that the sources of C. sakazakii in contaminated PIF are the powder 
itself, the equipment and possibly personnel preparing the formula (Forsythe, 2005). 
a. Source contamination of PIF (intrinsic). 
b. Contamination of PIF during reconstitution resulting from unclean equipment (utensils). 
c. Contamination of PIF by people during reconstitution (fecal carriage rate). 
d. Contamination of fresh RPIF resulting from inadequate cleaning of contaminated 
feeding bottles. 
e. Death of C. sakazakii resulting from temperature of water used to reconstitute PIF. 
f. Multiplication of C. sakazakii following reconstitution, prior to ingestion (room 
temperature storage). 
g. Survival and possible growth of C. sakazakii in the neonate stomach prior to transition 
into the small intestines. 
 C. sakazakii can grow at temperatures as low as 5.5°C, which is the refrigeration 
temperature of many standard refrigerators (Amalaradjou et al., 2009). As an increase in 
microbial numbers equates to an increased risk of infection, it is important to recognize the 
temperature range over which C. sakazakii (and other bacterial pathogens) can multiply.  
Figure 2.5 shows the bacterial growth rate of C. sakazakii at different temperatures.  
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Figure 2.4. Risk factors concerning the ingestion of C. sakazakii (Forsythe, 2005). 
 
It has been reported that the minimum lethal dose of C. sakazakii in neonates was far higher 
than the numbers normally detected in contaminated infant formula (Yan et al., 2012). 
However, if RPIF was temperature abused over time (during storage) the organism can 
grow substantially, up to >105 CFU ml-1, due to its short lag time and generation time 
(Amalaradjou et al., 2009; Hayes et al., 2009). In this regard, C. sakazakii possesses several 
characteristics that qualify it to be an effective foodborne pathogen in infant formula. It 
takes approximately 14 h for C. sakazakii to double at 10°C, (slightly above the regular 
refrigeration temperature), whereas the generation time is 45 min at room temperature. 
According to (FAO/WHO, 2004), the relative risk of ingesting C. sakazakii will increase 
30-fold after 6 h and 30,000-fold after 10 h at 25°C. Therefore, risk reduction can be 
achieved by ensuring that RPIF is rapidly cooled to temperatures below 10°C and that the 
time between reconstitution and consumption is minimized (Forsythe, 2005). Table 2.1 
shows summary of the current recommendations for formula preparation.  
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Figure 2.5. Growth rate of C. sakazakii at several temperature ranges (Forsythe, 2005). 
 
Table 2.2. Problems and proposed solutions to minimize the likelihood of Cronobacter 
contamination of infant formula.  
Problem Solution(s) 
Cronobacter risk Encourage use of breast milk or liquid milk formula, which is usually sterile. 
Cronobacter contamination at 
Factory 
Improved surveillance international and 
national criteria strategies and monitoring. 
Cronobacter in PIF Reconstitute formula with water >70°C. Rapidly cool before feeding to 37°C. 
Cronobacter in environment 
Prepare formula in a clean location. 
Sterilize bottles and plastic nipples, wash 
hands 
Cronobacter in reconstituted PIF 
(home setting) 
Store reconstituted formula at <4°C, and 
use within 24 h. Once a feeding has 
started finish formula within 2 h and 
discard any remaining. 
Cronobacter in reconstituted PIF 
(hospital setting) 
Avoid powdered infant powders when 
possible. Limit formula bag hang time to 
<4h. 
Abbreviation: PIF, powder infant formula. Information modified from Centers for Disease 
Control, World Health Organization and Food and Drug Administration recommendations 
(CDC, 2012, 2015; FDA, 2015a; WHO, 2007b). 
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2.1.2. Infant Cereal 
Infant cereal is the industrially manufactured baby food that is based on rice and other type 
of grains including oatmeal and barley. In the United States, it is the initial food, 
recommended by pediatricians, for solid food-ready babies since the second half of the 
20th century. About 90% of babies aged four to twelve months eat rice or some type of 
other grain cereals. For most babies, the first solid food is infant rice cereal, which is a 
nutritious food providing high amounts of protein, essential vitamins and minerals (Sokal-
Gutierrez, 2013).  
It is recommended by pediatricians to start out with rice cereal, then oatmeal and barley 
cereals and try wheat and mixed cereals later since they can cause allergies (FDA, 2015a). 
Infant cereal is recommended to be prepared either with breast milk or infant formula, 
therefore parents or the caregivers need to fulfill and maintain the safety precautions on 
preparation, storage and handling of infant formula and cereal which are clearly stated by 
FDA, WHO and ESPGHAN (Agostoni et al., 2004; FDA, 2015a; WHO, 2008b). 
Reconstituted infant cereal that provides an ideal high nutritious environment (protein, 
vitamins, minerals and water) for bacterial growth, can allow bacteria an opportunity to 
multiply quickly if it is improperly handled or stored. If the reconstituted cereal is not being 
fed immediately, it should be refrigerated right away and kept refrigerated until feeding. 
The prepared cereal is not recommended to stay at room temperature for more than two 
hours or at refrigeration temperatures for more than 24 hours. In case the baby does not 
finish the cereal, it should be discarded instead of being put back to the refrigerator 
(Abushelaibi et al., 2003a; FDA, 2014).  
Baby food, particularly infant formula and cereal production is highly regulated 
(Alimentarius, 2007; Regulations, 2015), and they belong to the high risk branches of food 
manufacturing and hence requires great care and attention to detail at all stages. Therefore, 
it is very important to take appropriate and effective food safety measures at all stages 
(FDA, 2015a; Regulations, 2015). 
2.1.3. Powdered Infant Formula and Infant Rice Cereal as a Source of B. cereus 
A previous report of the World Health Organization (FAO/WHO, 2004; WHO, 2007a) 
showed that the B. cereus is the most common foodborne bacterium in pasteurized food 
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products (Rahimi et al., 2013). The high risk of its transmission through processed, 
pasteurized, sterilized, and heat-treated food products, especially with a limited refrigerated 
shelf-life, raises particular concerns in baby food industry which includes, milk powder, 
infant formula (liquid or powder), infant cereals or other baby foods (Reyes et al., 2007; 
Shaheen et al., 2006; Stoeckel et al., 2013a). Infants and young children have been 
diagnosed with infection caused by B. cereus (Richards et al., 2005) that has been isolated 
from baby food (Rahimi et al., 2013), rice and rice products. Pervasive occurrence of the 
organism, its heat-resistant spores, and the ability of vegetative cells of some strains of 
toxigenic B. cereus to survive and grow at refrigeration temperatures make it a significant 
concern in dry infant foods, especially when they are reconstituted and stored for extended 
periods before consumption (Jaquette and Beuchat, 1998). In the United States, from 2010 
to 2013, 64% of foodborne illness outbreaks due to B. cereus were reported to be caused 
by improper storage temperature (CDC, 2014, 2015). Fifty percent of those outbreaks were 
linked to the consumption of rice and rice products.  
Bacillus cereus is a large, rod-shaped, Gram-positive, facultative aerobic, endospore-
forming bacterium with an optimum growth temperature of 28 to 35°C, which can survive 
between 4-48°C (Daryaei et al., 2013). B. cereus is recognized as a leading cause of 
bacterial food poisoning in a variety of proteinaceaous and starchy foods such as rice, milk, 
meats, dairy products, dried weaning foods, sauces and desserts in several countries (Park, 
Choi, Kim, & Kim, 2013), (Van Opstal et al., 2004). The structure and chemical 
composition of the spore play major roles in spore resistance. Figure 2.6 represents the 
unique structure of a bacterial spore, which is very different from a vegetative cell. A spore 
is enclosed in an exosporium capsule and proceeding inwards, the outer and inner layers 
of the spore’s coat are the first line of defense. These layers of protein act as chemical filter 
where that they protect the cortex against peptidoglycan-lytic enzymes (such as lysozyme) 
and predation by protozoa (Reineke, Ellinger, et al., 2013). The next key role in the spore 
resistance is the outer membrane, and beneath that is a thick peptidoglycan layer, called 
the cortex. The inner spore membrane is the analogue of the growing cell’s cytoplasmic 
membrane and represents a strong permeability barrier (Nicholson et al., 2000), which 
increases the spore’s resistance against DNA-damaging chemicals (Cortezzo and Setlow, 
2005). In the dormant spore, the inner membrane is in a gel phase and is a very compressed 
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structure (Cowan et al., 2004), which is the determining factor in the maintenance of the 
low water content in the spore core (Reineke, Ellinger, et al., 2013). The characteristics of 
the spore core further enhance the spore’s resistance. One of the key factors contributing 
to the spore’s enzymatic dormancy and its heat resistance is the low water content in the 
core. The cortex promotes the loss of water during spore formation by squeezing the core. 
This is accompanied by the accumulation of pyridine-2,6-dicarboxylic acid (dipicolinic 
acid or DPA). The inner membrane with its low permeability is the controlling structure in 
the maintenance of low water content in the core (Reineke, Ellinger, et al., 2013). 
Therefore, the spore’s dormancy is probably linked to the dehydration-induced 
conformational changes of enzymes (Sunde et al., 2009). 
 
  
Figure 2.6. Spore structure with layers (A) and transmission electron microscopy image of 
B. cereus endospore in RPIF (B). Labelled spore layers are not drawn to scale (Paredes-
Sabja et al., 2011). 
 
The formation of endospores is a complex, highly coordinated process, which allows the 
developing spore to survive when nutrients and moisture are scarce. Sporulation is a well-
characterized process, which is presented in Figure 2.7. Under conditions of starvation, 
especially the lack of carbon and nitrogen sources, a single endospore forms within the 
bacteria and this process is called sporulation (sporogenesis) (Kaiser and Stoddard, 2011). 
When the environmental conditions become unfavorable for the bacteria, they may start 
the process of endo-sporulation where the mature endospore will be released when the 
surrounding vegetative cell is degraded. Reactivation of the endospore occurs when 
A 
B 
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conditions are more favorable and involves activation, germination, and outgrowth. Even 
if an endospore is located in plentiful nutrients, it may fail to germinate unless activation 
has taken place which may be triggered by heating the endospore. Germination involves 
the dormant endospore induced metabolic activity by breaking hibernation and returning 
to their vegetative state. It is triggered by physical or chemical damages to the spore coat. 
It is commonly characterized by the rupture or absorption of the spore coat, swelling of the 
endospore, increased metabolic activity, and loss of resistance to environmental stress. 
Outgrowth follows germination and involves the core of the endospore manufacturing new 
chemical components and exiting the old spore coat to develop into a fully functional 
vegetative bacterial cell, which can be divided to produce more cells. While a dormant 
spore itself causes no hazard in the food during storage, spore germination, outgrowth and 
subsequent growth can cause undesirable deterioration in food and serious foodborne 
diseases. 
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Figure 2.7.  Sporulation cycle of an endospore (1-9) (McGraw-Hill, 2015). 
 
B. cereus is increasingly recognized as the etiological agent of gastrointestinal and non-
gastrointestinal diseases. The organism is associated with two types of food-borne 
gastrointestinal disorders; the emetic syndrome (emesis) and the diarrheal syndrome that 
are distinguished by their distinct type of toxins (Daryaei et al., 2013). Heat-labile 
enterotoxins elicit diarrhea through a wide variety of foods including meats, milk, 
vegetables, and fish, with the signs and symptoms of watery diarrhea, abdominal cramps, 
and pain. The enterotoxin can be formed in the food and small intestines (Van Opstal et 
al., 2004). Consumption of starchy foods (e.g. rice, potato, and pasta), cheese and dairy 
products contaminated with heat-stable depsi-peptide toxin, called cereulide, usually 
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results in an emetic type of illness; emesis, which is characterized by nausea and vomiting 
(Daryaei et al., 2013). For the emesis, the preformed toxin in the food has to be ingested 
(Van Opstal et al., 2004). In general, both types of food-borne diseases are relatively mild 
and self-limiting. Nevertheless, during the last few years, severe forms of diseases caused 
by emetic B. cereus have occasionally resulted in hospitalization or even death (Fricker et 
al., 2007). 
Dry foods that have not received a sterilization treatment, particularly those containing 
cereal and dairy ingredients, may contain spores of B. cereus. Infant formula and rice 
cereal, with a limited refrigerated shelf-life, are prone to B. cereus food poisoning since B. 
cereus spores, with decimal reduction times at 100°C of 2.2-5.4 min, can survive 
pasteurization and vegetative cells from some strains can still grow at low temperatures of 
4-5°C (Islam et al., 2006; Lopez-Pedemonte et al., 2003). Studies have shown that 
toxigenic B. cereus (Jaquette and Beuchat, 1998) survive in dry infant rice cereal stored at 
5°C for at least 48 weeks. When combined with hydrating ingredients including infant 
formula, water, milk, or other liquids, a suitable environment for the growth of the 
organism is established. Although B. cereus does not grow in milk powders and dry infant 
foods, the organism can grow and potentially produce toxin when the powders are 
reconstituted. In sub-Saharan Africa (Burkina Faso) B. cereus virulence genes were 
characterized in 60 isolates from 26 traditional cereal-based infant foods, 38% of them 
being positive for enterotoxigenic genes (Humblot et al., 2012). Rowan and Anderson 
(1997) reported that B. cereus grew in 63 of 100 reconstituted milk based infant formula 
held for 14 h at 25°C. Outgrowth of B. cereus spores occurred in rice cereal reconstituted 
with milk stored at 8, 15, 21, and 30°C. In a later report (Rowan and Anderson, 1998), the 
same authors concluded that chemical disinfection procedures failed to eliminate 
enterotoxigenic B. cereus on infant feeding bottles. 
B. cereus populations of at least 105-108 CFUg-1 are required to cause illness in healthy 
adults (Jaquette and Beuchat, 1998; McKillip, 2000; van Netten et al., 1990). Infants, 
children, and the immunosuppressed are the most likely to experience illness caused by 
lower populations of B. cereus (in the range of 103-105 CFUg-1) (Becker et al., 1994; 
Giannella and Brasile, 1979). Of the fifty four weaning baby foods, including infant rice 
cereal, tested by (Becker et al., 1994), 50% were positive for B. cereus and when 
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reconstituted and held at room temperature, they reached to populations as high as 105 
CFUg-1 within 8 h (Jaquette and Beuchat, 1998). The potential routes of B. cereus 
contamination in infant cereal may include in-plant mishandling of raw or dried products 
(e.g. milk powder, cereal) during the processing stages (especially in spray drying), cross-
contamination during the reconstitution at home/hospital/daycare settings and feeding 
(sharing spoons or double dipping) or temperature abuse during storage (Baker, 2002; 
Humblot et al., 2012).  
Baby food, particularly infant formula and cereal production are highly regulated 
(Alimentarius, 2007; Regulations, 2015), and they belong to the high risk branches of food 
manufacturing, requiring great care and attention to detail at all stages. Recognizing that 
infectious diseases and outbreaks including diarrhea (Giannella and Brasile, 1979; Scott, 
2003), are the major health concerns for infants and young children, it is important to 
develop effective control measures to prevent the growth of B. cereus and other pathogens 
in reconstituted foods consumed by these age groups (FDA, 2015a; Jun et al., 2013; 
Regulations, 2015).  
2.2. Natural Bioactive Compounds 
Consumers perceive the use of chemical additives as a health risk, and thus, the food 
industry has an ever-growing interest in using natural antimicrobials to improve food 
stability and safety against pathogens (Santas et al., 2010; Taguri et al., 2004). Due to the 
consumers' awareness and demand for natural food products and growing concern about 
the increased microbial resistance to conventional preservatives (Gyawali and Ibrahim, 
2014), the investigation of alternative inhibitors to ensure food safety became the current 
trend in food industry (Cetin-Karaca and Newman, 2015a). It has been extensively reported 
that the essential oils and secondary plant metabolites have shown diverse beneficial 
biological functions including antimicrobial activities against foodborne pathogens 
(Reichling et al., 2009; Smith-Palmer et al., 1998) and antioxidant activities (Korukluoglu 
et al., 2010; Perumalla and Hettiarachchy, 2011). 
Phenolic compounds (phytochemicals) are one of the most diverse groups of secondary 
plant metabolites widely distributed in fruits, vegetables, nuts, seeds, stems and flowers as 
well as tea, propolis and barks (Moreno et al., 2006; Santas et al., 2010). 
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Inhibitory effects of several phytochemicals and essential oils from berries and grapes 
(Puupponen-Pimia et al., 2001; Zanoli and Zavatti, 2008), herbs and spices (Albayrak et 
al., 2010; Shan et al., 2007) and other plant extracts (Pereira et al., 2007; Raybaudi-Massilia 
et al., 2009; Santas et al., 2010) were tested against foodborne bacteria including: E. coli, 
Salmonella, Listeria, Bacillus, and Staphylococcus. The antimicrobial activity of some 
several phytochemicals has been reported including: thymol (Lambert et al., 2001; Santas 
et al., 2010), eugenol (Cetin-Karaca and Newman, 2015a; Phanthong et al., 2013), (-)-
epicatechin (Cetin-Karaca and Newman, 2015b), carvacrol (Lambert et al., 2001; Santas 
et al., 2010), quercetin (Yao et al., 2011), curcumin (Cetin-Karaca and Newman, 2015b), 
and myricetin (Cetin-Karaca and Newman, 2015a; Davidson and Taylor, 2007; 
Puupponen-Pimia et al., 2001; Tiwari et al., 2009).  
There are numerous antimicrobial systems of animal origin, where they have often 
developed  host defense mechanisms such as lysozyme (egg white) (Tiwari et al., 2009), 
lactoferrin (bovine) (Al-Nabulsi and Holley, 2007), chitosan (exoskeleton of crustaceans) 
(Fernandes et al., 2008; Je and Kim, 2006), and defensins (animal epithelial cells) (Ganz, 
2003). Antimicrobial properties of the aforementioned compounds were widely studied in 
vitro and in food applications (Tiwari et al., 2009). Microbial originated antimicrobial 
compounds (bacteriosins) including; nisin (Lactococcus lactis), reuterin (Lactobacillus 
reuteri) (Arqués et al., 2004), and pediocin (Pediococcus acidilactici and P. pentosaceus) 
(Bhunia et al., 1988) were also reported having varying degrees of antimicrobial activity.  
They have been used by food processors to provide an additional barrier to undesirable 
bacterial growth in foods (Davidson and Taylor, 2007; Tiwari et al., 2009). 
2.2.1. Mechanism of Action 
It was reported that the antimicrobial action of phytochemicals was related to inactivation 
of cellular enzymes, which depends on the rate of penetration of the substance into the cell 
or membrane permeability changes (Burt, 2004; Moreno et al., 2006). Increased membrane 
permeability is a major factor in the mechanism of antimicrobial action, where compounds 
may disrupt membranes and cause a loss of cellular integrity and eventual cell death 
(Figure 2.8). Multivariate statistical analyses have revealed similarities and differences 
among phenolic acids based on their antimicrobial potency (Moreno et al., 2006; Nazzaro 
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et al., 2009). In general, variations in antimicrobial activities among bacteria may reflect 
differences in cell surface structures between Gram-negative and Gram-positive species. 
Lactobacillus spp. and S. aureus (Gram-positive) appeared more susceptible to the action 
of phenolic acids than Gram-negative bacteria such as E. coli and P. aeruginosa. Also, the 
number and position of substitutions in the benzene ring of the phenolic acids and the 
saturated side-chain length influenced the antimicrobial potential of the phenolic acids 
against the different microorganisms, but in different ways (Burt, 2004; Cowan, 1999; 
Cueva et al., 2010). Figure 2.9 illustrates the mechanisms of action of organic acids both 
in Gram-negative and Gram-positive bacterial cells. 
Active compounds such as thymol, eugenol, and carvacrol cause disruption of the cellular 
membrane, inhibition of ATPase activity, and release of intracellular ATP and other 
constituents of several microorganisms such as E. coli, E. coli O157:H7, L. monocytogenes, 
Lactobacillus sakei, Pseudomonas aeruginosa, Salmonella enteritidis, and S. aureus (Gill 
and Holley, 2006b; Lambert et al., 2001; Oussalah et al., 2006; Raybaudi-Massilia et al., 
2009). However, Oussalah (2006) and Gill and Holley (2006b) indicated that cinnamon oil 
and cinnamaldehyde resulted in a decrease in the intracellular ATP by ATPase activity 
without apparent changes on the cell membrane of E. coli, E. coli O157:H7, and L. 
monocytogenes. This fact could be attributed to interaction of cinnamaldehyde with the cell 
membrane, which may cause enough disruption to disperse the proton motive force by 
leakage of small ions but without leakage of larger cell molecules such as ATP (Raybaudi-
Massilia et al., 2009). 
The numerous experimental applications of essential oils, enzymes, bacteriocins, 
chitosans, and organic acids to various fresh perishable foods demonstrate that they are 
well suited to be utilized as preservatives in foods and could be often valid alternatives to 
synthetic food additives (Lucera et al., 2012). In the specific case of phytochemicals, 
despite their great potential, their use in food preservation remains limited mainly due to 
their intense aroma and toxicity. To minimize the required doses and improve their 
effectiveness using combinations of different food preservation systems, such as non-
thermal processing techniques could be a solution. For toxicity, the ingestion of high doses 
of phytochemicals can induce serious problems. Thus, it is necessary to find a balance 
between the effective compound dose and the risk of toxicity.  
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Figure 2.8. Mechanisms of action of phytochemicals in a bacterial cell (a-f), specifically 
at the inner membrane (Burt, 2004). 
 
 
Figure 2.9. Mechanism of action of organic acids in a bacterial cell (a-e). The left figure 
illustrates the organic acids passing through the outer membrane in Gram-negative 
bacteria, whereas the right figure shows their entry through the inner membrane in Gram-
positive bacteria (Raybaudi-Massilia et al., 2009). 
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2.2.2. Trans-cinnamaldehyde (TC) 
Trans-cinnamaldehyde (C6H5CH) is the phytochemical that gives cinnamon its flavor and 
odor (Figure 2.10). This clear, yellow, viscous liquid with an odor of cinnamon and a sweet 
taste occurs naturally in the bark of cinnamon trees and other species of the genus 
Cinnamomum. The essential oil of cinnamon bark is about 90% cinnamaldehyde and it is 
mostly obtained from the steam distillation of the oil of cinnamon bark. The most common 
application for cinnamaldehyde is as flavoring in chewing gum, ice cream, candy, 
and beverages; use levels range from 9 to 4,900 parts per million (ppm) (<0.5%). It is also 
used in some perfumes of natural, sweet, or fruity scents .  It is classified as “Generally 
Recognized as Safe” by the FDA in food applications (FDA, 2015b). 
Inhibition characteristics of TC has been studied for C. sakazakii on abiotic surfaces 
(Amalaradjou and Venkitanarayanan, 2011a) as well as evaluating its use in reducing the 
tolerance of C. sakazakii to environmental stresses (Amalaradjou and Venkitanarayanan, 
2011b). These studies determined that TC was an effective agent in the inhibition and 
inactivation of C. sakazakii biofilms, in the reduction of C. sakazakii tolerance to 
desiccation, acid and osmotic stresses and in enhancing the killing effect of heat treatments. 
 
           
              C6H5CH=CHCHO 
Figure 2.10. Chemical structure of trans-cinnamaldehyde (NIH, 2015).  
 
2.2.3. Epigallocatechin gallate (EGCG) 
Epigallocatechin gallate (EGCG), also known as epigallocatechin-3-gallate (C22H18O11), is 
the ester of epigallocatechin and gallic acid, and is a type of catechin (Figure 2.11). EGCG, 
the most abundant catechin in tea, is a polyphenol under basic research for its potential to 
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affect human health and disease. EGCG is used in many dietary supplements. It is found 
in high content in the dried leaves of white tea (4,245 mg/100 g) and green 
tea (7,380 mg/100 g), and in smaller quantities in black tea.  Trace amounts are found in 
apple skin, plums, onions, hazelnuts, pecans and carob powder (109 mg/100 g). EGCG has 
been the subject of a number of basic and clinical research studies to reveal its potential as 
a therapeutic for a broad range of disorders.  It is classified as “Generally Recognized as 
Safe” by the FDA in food applications (FDA, 2013b).  
Antimicrobial activity of EGCG has been reported in several studies regarding foodborne 
pathogens including Salmonella, E. coli, S. aureus and L. monocytogenes (Bancirova, 
2010; Jeon et al., 2014; Taguri et al., 2004). 
 
       
              C22H18O11 
Figure 2.11. Chemical structure of epigallocatechin gallate (Sigma-Aldrich, 2015).  
 
2.2.4. Gingerol (GI) 
Gingerol, or [6]-gingerol, is the active constituent of fresh ginger (Figure 2.12). It is 
normally found as a pungent yellow oil, but can also form a low-melting crystalline solid. 
Ginger also contains 8-gingerol, [10]-gingerol, and 12-gingerol. [10]-Gingerol is the 
phytochemical isolated from the rhizomes or roots of the plant Zingiber officinale (ginger) 
using ethanol and other organic solvents followed by chromatographic purification (FDA, 
2013a).  
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Ginger has been used widely as a food spice and an herbal medicine. In particular, its 
gingerol-related components have been reported to possess antimicrobial and antifungal 
properties, as well as several pharmaceutical properties (Chrubasik et al., 2005; Park et al., 
2008; Sivasothy et al., 2011). Ginger exerts in vitro antioxidative, antitumorigenic and 
immunomodulatory effects and is an effective antimicrobial and antiviral agent (Chrubasik 
et al., 2005). Gingerol’s antimicrobial activity has been reported against B. subtilis, 
Pseudomonas aeruginosa, Candida albicans, Trichoderma spp., Aspergillus, and 
Pencillium spp. (Sasidharan and Menon, 2010). 
           
 
                                       C21H34O4 
Figure 2.12. Chemical structure of [10]-gingerol (Aphios, 2015).  
 
2.2.5. Chitosan (CH) 
Chitosan, poly-(D) glucosamine, is a linear polysaccharide composed of randomly 
distributed β-(1-4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine 
(acetylated unit) (Figure 2.13). It is synthesized by treating the shells of shrimp and other 
crustaceans with the alkali sodium hydroxide. Chitosan is produced commercially 
by deacetylation of chitin, which is the structural element in the exoskeleton of 
crustaceans (such as crabs and shrimp) and cell walls of fungi. The amino group in 
chitosan has a pKa value of ~6.5, which leads to a protonation in acidic to neutral solution 
with a charge density dependent on pH and the %DA-value. This makes chitosan soluble 
and a bio-adhesive, so it readily binds to negatively charged surfaces such as mucosal 
membranes. Chitosan enhances the transport of polar drugs across epithelial surfaces, and 
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is biocompatible and biodegradable. Purified quantities of chitosans are available 
for biomedical applications. Chitosan is relatively insoluble in water, but can be dissolved 
by dilute acids, which would make it a highly-viscous dietary fiber. 
Chitosan is under research for several potential dietary or clinical applications. Its potential 
use in food applications as an antimicrobial has been studied for several foodborne 
pathogens including E. coli, Salmonella, Bacillus, S. aureus and L. monocytogenes 
(Devlieghere et al., 2004; No et al., 2002; Rabea et al., 2003; Wang, 1992; Zheng and Zhu, 
2003). It has been studied in food applications as a preservative and antimicrobial agent 
(Martins et al., 2014), including in surface coatings (dos Santos et al., 2012), edible films 
(Vu et al., 2011) on meat products, fruits and vegetables (Romanazzi et al., 2015), or as an 
additive in ground beef (Suman et al., 2011) and several acidic foods (Chen et al., 2011). 
 
                  
                       
Figure 2.13. Chemical structure of chitosan (Rinaudo, 2006). 
 
2.3. High Pressure Processing of Foods 
High pressure processing (HPP), also named as high hydrostatic pressure (HHP) is an 
emerging and modern food preservation technique that is increasingly being used in 
industrial processes. Amongst different non-thermal processes, HPP has attracted wide 
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industrial interest, because it can inactivate microorganisms in foods without adversely 
affecting their quality attributes.  
The recent availability of commercial-scale HPP equipment from a number of 
manufacturers, as well as the increasing consumer demand for safe, minimally processed 
and preservative-free foods with an extended shelf-life increased interest to use HPP in the 
food industry.   
One of the unique advantages of pressure treatment is that the pressure, at levels used in 
the food industry, mainly acts on non-covalent bonds, such as hydrogen, ionic and 
hydrophobic bonds and has only a limited effect on covalent bonds within biological matter 
(Mozhaev et al., 1994). Consequently, many of the food components responsible for 
sensory and nutritional properties, such as flavor components, vitamins, and other small 
molecules are unaffected or only marginally influenced by high pressure, while the 
structure and functionality of large molecules such as proteins, enzymes, polysaccharides 
and nucleic acids may be altered (Daryaei et al., 2012).  
Today, a wide range of value-added pressure-treated foods including seafood, processed 
meats, fruit juices, dips, sauces, dairy products, vegetable and fruits are available to 
customers. As a novel processing technology, the relatively high cost of the pressure 
equipment acted as a barrier for widespread industry use, especially for commodity type 
products (Luu-Thi et al., 2014). Therefore, more work should be done on using moderate 
pressure with combinations of different food preservation methods such as; heat, UV, 
ozone, natural antimicrobials or other novel technologies for improving the product quality 
and lowering the production cost. 
2.3.1. Principles of High Pressure Processing 
Hydrostatic pressure is usually defined as “isostatic” or “isobaric” pressure transferred by 
water. Processing foods with HHP (or just high pressure) is an emerging non-thermal 
processing technique for microbial inactivation at refrigeration, ambient, or moderate 
heating temperatures (Daryaei et al., 2012). HPP inactivates spoilage/pathogenic 
microorganisms, fungi, and viruses as well as most enzymes, and thereby increases the 
safety and extends the shelf-life of the foods (Luu-Thi et al., 2014). Since no heat or only 
mild heat is applied, most of the original food sensory, nutrient and functional properties 
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are retained after processing (Silva et al., 2012). In this technology, foods are subjected to 
high level of uniform hydrostatic pressure within the range of 150-700 MPa at ambient or 
moderately reduced temperature (0-25°C) when they are in their flexible package most of 
the time. The pressure can be applied from a few seconds up to several minutes. The 
temperature of food increases during the pressurization as a result of compression and 
drops back close to its initial value after decompression (Ting and Marshall, 2002). The 
flow diagram of HPP is outlined in Figure 2.14. The basic principles governing the 
application of high pressure processing in foods are summarized below (Daryaei et al., 
2012). 
2.3.1.1. LeChatelier’s Principle 
According to LeChatelier’s principle, the application of pressure shifts the system 
equilibrium toward the state occupying the smallest volume and, therefore, any 
phenomenon (phase transition, change in molecular configuration, chemical reaction, etc.) 
accompanied by a decrease in volume will be enhanced with pressure (Farkas and Hoover, 
2000). 
2.3.1.2. Microscopic Ordering Principle 
Principle of microscopic ordering states that an increase in pressure, at a constant 
temperature, increases the degree of ordering of molecules of a given substance. Therefore, 
pressure and temperature exert antagonistic forces on molecular structure and chemical 
reactions (Balny and Masson, 1993). 
2.3.1.3. Isostatic Principle 
Isostatic principle states that pressure is transmitted quasi-instantaneously and uniformly 
throughout the sample volume independently of the size and the geometry of the product 
(Torres and Velazquez, 2005). Therefore, all parts of the foods experience similar pressure 
intensity during the treatment. Thus, at macroscopic level, products containing high 
moisture content are not distorted or damaged. However, at molecular level, pressure 
treatment may induce structural changes.  
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Figure 2.14. Flow diagram of high pressure batch-processing of food products (Hiperbaric, 
2015). 
 
2.3.2. Equipment and Typical Operation 
The main components of a high pressure processing system are presented in Figure 2.15 
and described as follows (Ting et al., 2011). An industrial HPP system setting is 
demonstrated in Figure 2.16. 
Pressure vessel: In the food industry typical, pressure vessels have a cylindrical structure 
which can be constructed in mono-block (single forged), monolithic or multiwall 
chambers. Monolithic chambers cannot withstand high pressure (>400 MPa), while 
multiwall ones can. Depending on the target process conditions, the pressure vessels may 
have external jackets for temperature control. 
Top and bottom closures to contain the pressure: Two end closures contain the product 
and pressure-transmitting fluid (water or propylene glycol) within the pressure vessel 
during processing. The pressure vessel along with the associated closure and yoke are 
commonly installed in either vertical or horizontal orientations. 
Yoke: The second external frame, called a yoke, is desired to contain end closures at 
elevated pressures. It is made of high tensile strength steel or wire wound frame. 
Pressure intensifier and pump for pressure generation: Industrial scale larger pressure 
vessels utilize an external pumping intensifier system to deliver the target pressure with 
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minimal pressure come-up time (1-2 min). They utilize a motor to run a lower pressure 
pump to compress the hydraulic fluid (usually water) that is used in larger intensifiers. The 
larger intensifier compresses the water and sends it to the pressure vessel. 
A material handling system for loading and unloading the test sample:  Pre-packaged 
samples are loaded into a cylindrical shaped container, which then goes into the pressure 
vessel. 
Process control system for monitoring and recording various process variables: The 
control system helps the processors to monitor and document relevant process data 
(pressure, temperature, time, etc.). 
 
 
Figure 2.15. Schematic diagram of a high pressure processing system (Ting et al., 2011). 
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Figure 2.16. A horizontal setting of a high pressure processing system (Avure, 2015). 
 
2.3.3. Pressure-Temperature History 
During the application of HPP to foods, the pressure-temperature history of the samples 
should be carefully monitored. Figure 2.17 shows the typical pressure-temperature history 
curve for an HPP treatment (Balasubramaniam et al., 2004; Farkas and Hoover, 2000). 
Pressure come-up time: The time required to increase the pressure of the sample from 
atmospheric pressure (0.1 MPa) to the target process pressure. The come-up time likely 
depends upon the rate of compression of the sample and pressure-transmitting fluid and is 
proportional to the power of the pump used and the target process pressure.  
Pressure holding time: The time interval between from the end of compression to the 
beginning of decompression (starts immediately after come-up time). Short holding times 
must be targeted since process time has a significant effect on the commercial economics 
of HPP. A processing time <5 min is preferred to maximize the productivity and 
economically justify the use of the technology. 
Decompression time: The time required to bring a food sample from the target process 
pressure to near atmospheric pressure (<20-30 s). 
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Figure 2.17. Typical pressure-temperature response of a food material undergoing HPP. 
Ambient pressures are P1 and P4 (0.1 MPa). T2 is the maximum temperature at the process 
pressure. The difference between the ambient temperatures before and after HPP (T1 and 
T4, respectively) generally indicates the extent of heat loss during testing 
(Balasubramaniam et al., 2004). 
 
2.3.4. Microbial Inactivation by High Pressure Processing 
Pressure level, process temperature, and treatment time are the main process parameters 
influencing the microbial efficacy of high pressure processing (Smelt et al., 2001). 
Vegetative microorganism usually show maximum resistance to pressure treatment at room 
temperature (23-25°C). However, pressure treatment either at low process temperatures 
(<20°C) or combined with moderate heat (~45°C) are effective in inactivating vegetative 
microorganisms (Daryaei et al., 2012). (Patterson et al., 1995) reported 1-2 log reduction 
of Escherichia coli O157:H7 NCTC 12079 in ultra-high-temperature (UHT) milk treated 
at 600 MPa for 30 min at 20°C. (Patterson and Kilpatrick, 1998) found an 8-log reduction 
of the same strain by treatment at 200 MPa for 15 min at 60°C or 700 MPa for 15 min at 
40°C. Enhanced microbial efficacy of HPP by heat is usually attributed to a higher degree 
of damage on proteins (Balasubramaniam et al., 2004), whereas enhanced microbial 
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efficacy of pressure treatment at low process temperatures (<20°C) was due to the reduced 
fluidity of the cell membrane (Casadei et al., 2002).  At present, retort processing by using 
high temperature, such as 121-135°C, for 20 min holding time followed by 20 min cooling, 
is frequently employed to kill bacterial spores in food. However, such high temperatures 
cause losses in nutrients, vitamins, and produce burnt flavor and allergic components 
(Islam et al., 2006). Bacterial spores are highly resistant to pressure treatment  at room 
temperature and in order to inactivate bacterial spores, exclusive use of high pressure (600-
700 MPa) in combination with heat (>60°C) (Margosch et al., 2004) or any other hurdles 
including antimicrobials (bacteriocins, phytochemicals, spice extracts, essential oils, 
lysozyme, and sucrose esters, etc.) and low pH are suggested. In summary, depending on 
the intensity of pressure treatment, HPP can be used as an alternative pasteurization or 
sterilization method. 
It is generally agreed that vegetative cells are more sensitive to high pressure than bacterial 
spores; however, the sensitivity of cells may vary within the genus, species, and strains of 
microorganisms (Patterson et al., 1995; Smelt et al., 2001). The more complex structure of 
the cell membrane in Gram-negative bacteria makes them more susceptible to 
physiological changes caused by high pressure than Gram-positive bacteria (Daryaei et al., 
2012; Russell, 2002; Smelt et al., 2001). Most of the yeasts and molds are very sensitive to 
HPP (Smelt et al., 2001). The pressure sensitivity of yeasts as an important cause of 
spoilage in acidic foods makes HPP treatment a feasible alternative for extending the shelf-
life of such products as fruit-based and cultured dairy products. 
Microbial inactivation by HPP can be influenced by the composition of the substrate, 
product pH, and water activity. The potential protective effect of certain food constituents 
(e.g. proteins, carbohydrates, lipids, and minerals) on the inactivation of microorganisms 
by HPP is known as “baro-protective effect”. 
The baro-protective effect of high concentration solutes such as sugars and salts on 
vegetative microorganisms is attributed to the reduced water activity (Molina-Höppner et 
al., 2004) that may cause cell shrinkage and thickening of the cell membrane. The solutes 
reduce the cell size and membrane permeability and fluidity (Knorr, 1993; Molina-
Höppner et al., 2004). The reducing water activity has also been reported to increase the 
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resistance of bacterial spores to HPP by increasing the osmotic dehydration of the spore 
protoplast (Raso et al., 1998). A reduction in pH of suspending media as a result of the 
pressure-induced transient pH shift or addition of acids usually leads to a greater microbial 
inactivation by HPP, similar to that for thermal processing. Enhanced HPP inactivation by 
reducing pH has been reported for foodborne vegetative pathogens including L. 
monocytogenes (Alpas et al., 2000; Stewart et al., 1997), S. aureus, E. coli, Salmonella 
Enteritidis, and Salmonella Typhimurium (Alpas et al., 2000).  
2.3.5. Mechanisms of Microbial Inactivation in Foods by High Pressure  
2.3.5.1. Microbial Inactivation of Vegetative Cells 
Identifying the inactivation mechanisms is critical to designing and developing more 
efficient high pressure equipment and to defining conditions for effective inactivation of 
microorganisms in food products. Several mechanisms have been proposed for the 
pressure-induced inactivation of vegetative cells, such as damage to the sub-cellular 
structures including cell membrane, nucleoid, ribosomes, and enzymes , as well as 
morphological, biochemical, and genetic alterations (Hoover et al., 1989; Kobori et al., 
1995; Smith-Palmer et al., 1998). Damage to the cell membranes and membrane-bound 
enzymes (ATPase) that control the transport phenomena in nutrient uptake and waste 
disposal is generally accepted to be the primary mechanism (Hoover et al., 1989; Russell, 
2002). The inactivation of the ATPase of the cell membrane or other proteins such as efflux 
pumps affects the membrane functions and alters the acid-base physiology of the cell 
(Casadei et al., 2002; Daryaei et al., 2012; McClements et al., 2001). There are other 
components and cellular functions sensitive to high pressure that are altered or inhibited, 
such as the ribosomes (Hoover et al., 1989; Kaletunç et al., 2004), the protein synthesis 
and key enzymes, including those involved in the DNA replication and transcription 
(Bermúdez-Aguirre and Barbosa-Cánovas, 2011; Smelt et al., 2001).  A series of 
morphological and structural changes in the cell, such as the separation of the membrane 
from the cell wall (Moerman, 2005), the lengthening of the cell (Rendueles et al., 2011), 
the compression of gas vacuoles (Patterson, 2005) and the condensation of nuclear material 
(Mañas and Mackey, 2004) are also observed. 
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2.3.5.2 Microbial Inactivation of Bacterial Spores 
The exact mechanisms of spore inactivation are not known but it is hypothesized that 
spores first are activated (germinated) due to particular pressure/temperature conditions. 
After losing their inherent resistance, they can be subsequently inactivated by UV 
radiation, hydrogen peroxide, heat, pressure, antimicrobials or other treatments (Reineke, 
Ellinger, et al., 2013; Zhang and Mittal, 2008). This mechanism is used advantageously in 
HPP. At lower process temperatures (<90°C), pressure induces spores to germinate, and 
then the germinated spores are inactivated by pressure (Ananta et al., 2001; Black et al., 
2007). At higher process temperatures (>90°C), a direct spore inactivation mechanism that 
bypasses the germination is more likely (Ananta et al., 2001). Additionally, elevated 
pressure-temperature conditions were postulated to cause direct inactivation or partial 
injury rather than spore germination (Ananta et al., 2001; Bermúdez-Aguirre and Barbosa-
Cánovas, 2011). 
Two mechanisms have been proposed to result in HPP inactivation of spores, depending 
on the severity of the treatment (Wilson et al., 2008). Figure 2.18 demonstrates the 
germination and inactivation pathways of Bacillus spp. In the first mechanism, spores are 
germinated by moderately high pressures (50-300 MPa), followed by the release of 
dipicolinic acid (chelate of Ca2+ and pyridine-2, 6-dipicolinic acid or Ca-DPA), which 
activates cortex-lytic enzymes (CLE).  Hydrolysis of cortex and core leads to core 
rehydration, which in turn allows the degradation of small acid-soluble spore proteins 
(SASPs), ATP generation, and finally resumption of DNA, RNA and protein synthesis 
(Reineke, Mathys, et al., 2013). Intracellular pH decreases when the spore core is fully 
hydrated (Ahn et al., 2007; Setlow et al., 2002). The resultant spores become very sensitive 
to subsequent heat and pressure treatments as vegetative cells (Black et al., 2007; Reineke, 
Ellinger, et al., 2013; Setlow, 2006). Very high pressures (>500 MPa) can induce rapid 
germination by direct release of Ca-DPA (Luu-Thi et al., 2015; Reineke, Ellinger, et al., 
2013) instead of facilitating germinant receptors. Later, germination events follow the same 
mechanism as for the moderate pressures, including spore cortex degradation by CLE 
enzymes, which is necessary for completion of the germination process (Wilson et al., 
2008). In the second mechanism, spore inactivation by combined pressure and heat 
treatment can be achieved by a two-stage mechanism without germination. In the first 
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stage, HPP and heat treatment generate sub-lethally injured, DPA-free and phase bright 
spores. In the second stage, these spores are inactivated by moderate heat independent of 
the pressure level. Thus, the resistance of spores to combined HPP and temperature 
treatments depends on their ability to retain DPA and on the heat resistance of DPA free 
spores (Zhang and Mittal, 2008).  
 
Figure 2.18. Germination and inactivation pathways of Bacillus spp., dependent on the 
applied pressure (p) and temperature (T) conditions (Reineke, Ellinger, et al., 2013; 
Reineke, Mathys, et al., 2013; Reineke et al., 2011; Wuytack et al., 1998). 
 
2.3.6. Pressure-Induced Injury and Subsequent Recovery of Microorganisms 
High pressure processing of foods may not always result in complete microbial 
inactivation, but may injure some portion of the microbial population, depending on the 
process conditions (pressure level, holding time, etc.) and the substrate in which the 
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microorganisms are treated (Patterson et al., 1995). The injured cells may recover after the 
treatment under optimal storage conditions in a suitable substrate (McClements et al., 
2001). The availability of vitamins and amino acids in the food (or the growth medium) 
allows better recovery of sub-lethally damaged cells after processing (Rendueles et al., 
2011). Solutes such as salt and sugar can significantly influence the cell survival after 
processing, and especially the resistance of the spores (Patterson, 2005). The injured cells 
may not be detected using selective conditions for the enumeration of survivors and this 
may cause an overestimation of the HPP lethality (Daryaei et al., 2012; Mañas and Mackey, 
2004). The use of non-selective microbiological media along with the incubation at several 
temperatures in the range of 4-30°C is recommended to allow detection of all viable 
organisms of concern post-treatment (Balasubramaniam et al., 2008). Garcia-Risco et al. 
(1998) found a recovery of sub-lethally injured psychotropic bacteria (1.7 log increase) in 
pressure-treated milk (400 MPa, 25°C, 30 min) within 45 days of storage at 7°C. Wick et 
al. (2004) detected the recovery of pressure-treated (200-800 MPa, 25°C, 5 min) starter 
and non-starter lactic acid bacteria in 1 and 4-month-old cheddar cheese during the 
subsequent ripening at 10°C. The viable number of L. lactis in 1-month-old cheese that 
was initially reduced by >4 logs by treatment at 400 MPa, increased to the same level as 
the control cheese within 126 days of ripening.  
2.3.7. The Synergistic Effects of High Pressure with Other Preservation Factors 
The combination of pressure with other hurdles and preservation factors has been proposed 
and successfully applied for microbial inactivation (Bermúdez-Aguirre and Barbosa-
Cánovas, 2011). Mild heat, antimicrobial compounds (bacteriocins, lysozyme, chitosan, 
essential oils, phytochemicals and etc.), and CO2 have been reported to prevent the 
recovery of injured microorganisms and improve the product microbial stability (Black et 
al., 2008; Rodriguez et al., 2005). Sodium chloride has been reported to inhibit the recovery 
of pressure-injured cells when added to the growth media (Patterson et al., 1995). The 
recovery of pressure-injured cells may be inhibited at acidic pH levels (Stewart et al., 
1997). 
Pressure in the range 250-300 MPa in combination with dissolved CO2 inactivated E. coli 
and S. aureus (7-8 log) (Wang et al., 2010). Low pressure in combination with CO2 can 
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reduce processing cost, making the process more accessible and feasible for more products. 
Natural antimicrobials in combination with pressure have also been tested against 
pathogenic Salmonella. Nisin (200 IU/ml), produced by Lactococcus lactis, was tested in 
combination with pressure, where pressure (up to 200 MPa) or nisin alone did not inactivate 
the cells; however, pressure (450-500 MPa) combined with nisin inactivated Salmonella 
up to 8 log (Lee and Kaletunç, 2010).  Food additives including citric acid, adipic acid, C8-
sugar ester, C10-sugar ester, tannin, nisin, wasabi extract, e-polylysine, carvacrol, and 
protamine showed a higher and faster inactivation when applied simultaneously with 
pressure (Bermúdez-Aguirre and Barbosa-Cánovas, 2011). 
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CHAPTER 3. ANTIMICROBIAL EFFICACY OF 
PHYTOCHEMICALS AGAINST BACILLUS CEREUS IN 
RECONSTITUTED INFANT RICE CEREAL 
3.1. Summary 
Trans-cinnamaldehyde (TC), (-)-Epigallocatechin gallate (EGCG) and [10]-Gingerol (GI) 
are phytochemicals derived from cinnamon, green tea, and ginger, respectively. They are 
classified as “Generally Recognized as Safe” (GRAS) by the U.S. Food and Drug 
Administration, and also approved for use in food. Therefore TC, being a natural 
antimicrobial, may combat the pathogenic Bacillus cereus, which causes gastrointestinal 
diseases in infants by the consumption of contaminated rice cereal. The objective of this 
study was to determine the potential use of TC, EGCG and GI to inhibit the growth of B. 
cereus in infant rice cereal reconstituted with infant formula according to the 
manufacturer’s instructions. Samples were inoculated with either vegetative cells or spores 
of B. cereus (ATCC 14579), and they were treated with 500 ppm (mg/L) or 0 ppm (control) 
TC. Samples were stored at 7°C, 23°C, or 37°C for 0, 4, 8 and 24 h to simulate advance 
preparation, handling and temperature abuse. Samples were analyzed for B. cereus 
populations by plating on tryptic soy agar and incubated at 30°C for 24 to 48 h. Water 
activity, pH and sensory analyses were also conducted at each sampling time. TC showed 
the highest antimicrobial activity, inhibiting the B. cereus growth by 0.09, 2.72, and 0.83 
log CFU g-1 when stored at 7, 23, and 37°C, respectively. TC also inhibited B. cereus spores 
by 0.25, 3.8, 2.0 log CFU g-1 when stored for 24 h at 7, 23, and 37°C, respectively. After 8 
h of storage, gradual decrease (P <0.05) in pH was observed in control samples, which 
might be the result of possible spoilage. Significant differences (P <0.05) were found in 
color and aroma of rice cereal samples containing EGCG and TC, respectively. 
Additionally, TC exhibited a cinnamon taste, while EGCG gave a purple color to the 
reconstituted rice cereal. These results indicate that TC may serve as a potential natural 
antimicrobial in reconstituted infant rice cereal even when utilized at low concentrations, 
inhibiting both vegetative cells and spores of B. cereus. 
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3.2. Introduction 
Bacillus cereus is a large, rod-shaped, gram-positive, facultative aerobic, and endospore-
forming bacterium with an optimum growth temperature of 28 to 35°C, which can survive 
temperatures between 4-48°C (Daryaei et al., 2013). B. cereus is recognized as a leading 
cause of bacterial food poisoning in several countries (Park et al., 2013), with a variety of 
proteinaceaous and starchy foods being implicated, including rice, milk, meats, dairy 
products, dried weaning foods, sauces and desserts (Van Opstal et al., 2004). 
B. cereus is increasingly recognized as the etiological agent of both gastrointestinal and 
non-gastrointestinal diseases. The organism is associated with two types of foodborne 
gastrointestinal disorders; the emetic syndrome (emesis) and the diarrheal syndrome which 
can be distinguished by their distinct type of toxins (Daryaei et al., 2013). Heat-labile 
enterotoxins elicit diarrhea through a wide variety of foods including meats, milk, 
vegetables, and fish, the signs and symptoms include watery diarrhea, abdominal cramps, 
and pain. The enterotoxin can be formed in the food and small intestines (Van Opstal et 
al., 2004). Consumption of starchy foods (such as rice, potato, and pasta), cheese and dairy 
products contaminated with heat-stable depsi-peptide toxin, called cereulide, usually 
results in an emetic type of illness; emesis which is characterized by nausea and vomiting 
(Daryaei et al., 2013). For the emesis, the preformed toxin in the food has to be ingested 
(Van Opstal et al., 2004). In general, both types of food-borne diseases are relatively mild 
and self-limiting. Nevertheless, severe forms of diseases caused by emetic B. cereus have 
occasionally resulted in hospitalization or even death (Fricker et al., 2007). 
A previous report of the World Health Organization (FAO/WHO, 2004; WHO, 2007a) 
showed that the B. cereus is the most common foodborne bacterium in pasteurized food 
products (Rahimi et al., 2013). The high risk in its transmission through processed, 
pasteurized, sterilized, and heat-treated food products, especially with a limited refrigerated 
shelf life, raises particular concerns in baby food industry which includes, milk powder, 
infant formula (liquid or powder), infant cereals or other baby foods. Infants and young 
children have been diagnosed with infection caused by B. cereus (Richards et al., 2005) 
which has been isolated from baby food (Rahimi et al., 2013), rice and rice products. 
Pervasive occurrence of the organism, its heat-resistant spores, and the ability of vegetative 
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cells of some strains of toxigenic B. cereus to survive and grow at refrigeration 
temperatures make it a particular concern in dry infant foods, especially when they are 
reconstituted and stored for extended periods before consumption (Jaquette and Beuchat, 
1998). In the United States, from 2010 to 2013, 64% of foodborne illness outbreaks due to 
B. cereus were reported to be caused by improper storage temperature (CDC, 2014, 2015). 
Fifty percent of these outbreaks were linked to the consumption of rice and rice products.  
Infant cereal is commonly used for industrially manufactured baby food that is based 
on rice and other type of grains including oatmeal and barley. In the United States, it is the 
initial food, recommended by pediatricians, for solid food-ready babies in the second half 
of the 20th century. About 90% of babies aged four to twelve months eat rice or some type 
of other grain cereals. For most babies, the first solid food is infant cereal, which is a 
nutritious food providing high amounts of protein, essential vitamins and minerals (Sokal-
Gutierrez, 2013).  
Infant cereal is recommended to be prepared either with breast milk or infant formula, 
therefore parents or the caregivers need to fulfill and maintain the safety precautions on 
preparation, storage and handling of infant formula and cereal which are clearly stated by 
FDA, WHO and ESPGHAN (Agostoni et al., 2004; FDA, 2015a; WHO, 2008b). 
Reconstituted infant cereal provides an ideal high nutritious environment for bacterial 
growth; protein, vitamins, minerals and water. However the cereal can allow bacteria an 
opportunity to multiply quickly if it is improperly handled or stored. If the cereal is not 
being fed immediately, it should be refrigerated right away and kept refrigerated until 
feeding. The prepared cereal is not recommended to stay at room temperature for more 
than two hours or at refrigeration temperatures for more than 24 hours. In case the baby 
does not finish the cereal, it should be discarded instead of being put back to the refrigerator 
(Abushelaibi et al., 2003a; FDA, 2014).  
Dry foods that have not received a sterilization treatment, particularly those containing 
cereal ingredients, may contain spores of B. cereus.  Studies have shown that Escherichia 
coli O157:H7 and toxigenic B. cereus (Jaquette and Beuchat, 1998) survive in dry infant 
rice cereal stored at 5°C for at least 24 and 48 weeks, respectively. When combined with 
hydrating ingredients including water, milk, or other liquids, a suitable environment for the 
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growth of the organism is established. Although B. cereus does not grow in milk powders 
and dry infant foods, the organism can grow and potentially produce toxin when they are 
reconstituted. In sub-Saharan Africa (Burkina Faso) B. cereus virulence genes were 
characterized in 60 isolates from 26 traditional cereal-based infant foods, 38% of them 
being positive for enterotoxigenic genes (Humblot et al., 2012). Rowan and Anderson 
(Rowan and Anderson, 1997) reported that B. cereus grew in 63 of 100 reconstituted milk 
based infant formula held for 14 h at 25°C. Outgrowth of spores of inoculated B. cereus 
occurred in rice cereal reconstituted with milk stored at 8, 15, 21, and 30°C. In a later report 
(Rowan and Anderson, 1998), the same authors concluded that chemical disinfection 
procedures failed to eliminate enterotoxigenic B. cereus on infant feeding bottles (Jaquette 
and Beuchat, 1998). 
B. cereus populations of at least 105-108 CFUg-1 are required to cause illness in healthy 
adults (Jaquette and Beuchat, 1998; McKillip, 2000; van Netten et al., 1990). Infants, 
children, and the immunosuppressed are the most likely to experience illness caused by 
lower populations of B. cereus (in the range of 103-105 CFUg-1) (Becker et al., 1994; 
Giannella and Brasile, 1979). Of the fifty four weaning baby foods including infant rice 
cereal tested by (Becker et al., 1994), 50% were positive for B. cereus and when 
reconstituted and held at room temperature, they reached to populations as high as 105 
CFUg-1 within 8 h (Jaquette and Beuchat, 1998). The potential routes of B. cereus 
contamination in infant cereal may include in-plant mishandling of raw or dried products 
(e.g. milk powder, cereal) during the processing stages (especially in spray drying), cross-
contamination during the reconstitution at home/hospital/daycare settings and feeding 
(sharing spoons or double dipping) or temperature abuse during storage (Baker, 2002; 
Humblot et al., 2012).  
Recognizing that infectious diseases and outbreaks including diarrhea (Giannella and 
Brasile, 1979; Scott, 2003), are the major health concerns for infants and young children. 
Thus, it is important to develop control measures to prevent the growth of B. cereus and 
other pathogens in reconstituted foods consumed by these age groups (Jun et al., 2013).  
Baby food, particularly infant formula and cereal production are highly regulated 
(Alimentarius, 2007; Regulations, 2015), and they belong to the high risk branches of food 
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manufacturing, requiring great care and attention to detail at all stages. Therefore, it is very 
important to take appropriate and effective food safety measures at all stage (FDA, 2015a; 
Regulations, 2015).  
Conventional pasteurization techniques destroy vegetative cells but do not kill spores (Park 
et al., 2013). Infant formula or rice cereal, pasteurized low-acid food with a limited 
refrigerated shelf life, are prone to B. cereus food poisoning since B. cereus spores, with 
decimal reduction times at 100°C of 2.2-5.4 min, can survive pasteurization and vegetative 
cells from some strains can still grow at low temperatures of 4-5°C (Islam et al., 2006; 
Lopez-Pedemonte et al., 2003). The alternative processing techniques such as, high 
pressure processing, superheated steam, sanitizers and antimicrobials have certain 
drawbacks such as they do not efficiently inactivate B. cereus, and/or they are not safe to 
be used in baby food. High pressure processing can not be applied to dried milk powders 
or cereals because of their very low water activity. Superheated steam may damage the 
nutritive value, color, and taste (Park et al., 2013), while sanitizers and synthetic 
antimicrobials are not suitable due to their residual toxicity.   
In recent years, the use of natural antibacterial agents has been proposed as an alternative 
for the inactivation of vegetative cells and bacterial spores in food systems (Burt, 2004; 
Cetin-Karaca, 2011; Martins et al., 2014). Due to the safety concerns of synthetic 
antimicrobials, the selection of antimicrobials for use in infant foods is very important. 
Numerous natural plant extracts, essential oils, and organic acids have shown antimicrobial 
activities against various foodborne pathogens (Cetin-Karaca and Newman, 2015a, c; Jun 
et al., 2013). Trans-cinnamaldehyde (TC), (-)-epigallocatechin gallate (EGCG) and [10]-
gingerol (GI) are phytochemicals derived from cinnamon, green tea, and ginger, 
respectively. They are all classified as generally recognized as safe (GRAS) by the FDA, 
and they are approved for use in foods (21 CFR 182.60) (FDA, 2015b). Although 
antimicrobial activity of TC has been reported against Cronobacter sakazakii in 
reconstituted infant formula, antimicrobial efficacy of EGCG and GI have not been 
investigated in infant foods including rice cereal. 
The objective of this study was to determine the antimicrobial efficacy of selected 
phytochemicals against B. cereus and its spores in infant cereals reconstituted with infant 
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formula and stored at 7, 23, or 37°C. The selected temperature range covers the temperature 
span for the preparation and consumption of reconstituted infant cereals at various parts of 
the world, and simulates situations as the lack of refrigeration or advanced preparation by 
parents, or staff at daycare or hospital. 
3.3. Materials and Methods 
3.3.1. Bacterial Strains, Spores and Preparation of Inoculum 
B. cereus (ATCC 14579) was obtained from the American Type Culture Collection 
(ATCC) and cultured in 5 ml of brain heart infusion (BHI) broth and incubated at 30°C for 
24 h with three consecutive transfers with 24 h intervals. Cell counts were confirmed by 
using a spiral plating method with tryptic soy agar (TSA) and the Eddy Jet spiral plater 
(Neutec Group, Inc., Farmingdale, NY, USA). The counts were determined by the Flash 
and Go plate reader (Neutec Group, Inc., Farmingdale, NY).  
To induce sporulation, a 1 ml of fresh B. cereus culture in BHI broth was spread over a 
sporulating agar (BBL Agar #2; 6 g gelatin, 4 g casein, 3 g yeast extract, 1.5 g beef extract, 
1 g dextrose, 15 g agar, 0.3 g manganous sulfate per liter) plate using a sterile bent rod and 
incubated aerobically at 30°C for 7-10 days. Formation of spores was determined by phase-
contrast microscopy examination. When more than 95% sporulation was achieved, the 
plates were flooded with 10 ml cold, sterile deionized (DI) water and the spores were 
dislodged by a sterile bent glass rod. The pooled suspensions from several plates were then 
washed with cold DI water five times by centrifugation at 14,000×g for 15 min at 4°C and 
re-suspended one fifth of the original volume in cold sterile DI water. In order to kill the 
remaining vegetative cells, the final spore suspension in sterile DI water was heat shocked 
at 90°C for 10 min and cooled rapidly on crushed ice and stored at 4°C up to 1 month. 
Spore population in the final suspension was determined by spiral plating on TSA and 
incubating at 30°C for 24-48 h. All microbiological media and supplements used in the 
study were supplied from Difco Laboratories (Sparks, MD, USA) unless otherwise was 
reported. 
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3.3.2. Preparation of Phytochemicals 
Plant derived natural phenolic compound, trans-cinnamaldehyde (TC), (-)-epigallocatechin 
gallate (EGCG) and [10]-gingerol (GI) were obtained from Sigma-Aldrich (St Louis, MO, 
USA) and stored at optimum temperature and conditions required for each compound. 
EGCG and GI were dissolved in 15% EtOH (the lowest EtOH concentration that would 
dissolve the compounds) (Decon Laboratories, King of Prussia, PA, USA) while TC was 
used directly. The pH of all phytochemical suspensions were adjusted to 5.50±0.5 using 
1N HCl and they were filter sterilized using 0.2 µm filters (Millipore Corporation, 
Billerica, MA, USA). All phytochemicals were at pH range 5.00-6.00 before adding into 
the product. 
3.3.3. Determination of Minimum Inhibitory Concentrations 
Micro broth dilution technique was performed as outlined in the National Committee for 
Clinical Laboratory Standards (Cetin-Karaca and Newman, 2015a; NCCLS, 2004). 
Overnight culture of either B. cereus or its spores (107-108 CFU ml-1) were transferred 
aseptically into mueller hinton broth (MHB). Serial dilutions of the 100 µl phytochemicals 
were dispensed into the wells of a 96-well flat bottom micro-titer plate (Nalge NUNC Int., 
Corning, NY, USA) which contained 100 µl MHB starting from 4000 ppm (mg l-1) and 
going down to 7.8 ppm. Compound free inoculated MHB with and without the solvent 
(15% EtOH) served as growth control and negative control, respectively. Samples in the 
96-well flat bottom micro-titer plate were incubated at 30°C for 24h. All experiments were 
carried out three times in duplicates. After inoculation, the micro-titer plates were read 
immediately to obtain the initial absorbance using a calibrated spectrophotometer (BioTek 
Synergy 4, Winooski, VT, USA) at 660 nm wavelength. Prior to each incubation process, 
the samples in the micro-titer plate were shaken automatically for 10 sec to obtain a 
consistent homogeneity. The absorbance was read at every 2-hour intervals for a total 24h 
of incubation period. Minimum inhibitory concentration (MIC) was defined as the lowest 
concentration of the compound that visibly inhibited the bacterial growth in comparison 
with the control after 24 h incubation. 
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3.3.4. Cereal Preparation and Inoculation 
Commercially available powdered infant formula (PIF) (Similac Advance Stage 1, Abbott 
Nutrition, Columbus, OH, USA) and infant rice cereal (IRC) were purchased from a local 
retailer. Cereal was brand-named (Gerber Products Company, Fremont, MI, USA) dried 
product in flake form manufactured by extrusion processing.  PIF was prepared with sterile 
deionized (DI) water according to the manufacturer’s instructions (1 scoop (8.3 g): 2 fl oz. 
(59.14 ml) DI water) and stirred well with a sterile spatula to completely dissolve the 
powder. IRC was prepared with freshly prepared PIF at a 1:5 ratio; 40 g cereal + 200 ml 
reconstituted PIF, as recommended by the manufacturer. Hydrated cereal slurries were 
stirred by hand using a sterile spatula to obtain a homogeneous cereal slurry. IRC powder 
was used within 30 days of opening the package. 
Hydrated IRC samples were inoculated with either vegetative cells or spores of 1000 µl B. 
cereus inoculum per 100 g of cereal slurry, to yield 107-108 log CFUg-1. After inoculation 
the samples were mixed by a sterile spatula for even distribution. Inoculated IRC slurry 
was divided into 100 ± 5 g batches and phytochemicals, EGCG, G, and TC were added to 
yield 500 ppm (mg/L) (0.05%) concentrations in the final cereal product. Inoculated IRC 
samples without addition of phytochemicals were served as the control (0 ppm). 
Treatments include; a) control (0 ppm), b) EGCG, c) GI, d) TC. Samples of 5 ± 2 g were 
distributed into sterile 4 oz (118 ml) Whirl-Pak bags (Nasco Whirl-Pak, Fort Atkinson, WI, 
USA). Initial B. cereus population is determined by plating on TSA plates and incubating 
at 30°C for 24-48 h. All the samples were stored at 7, 23 or 37°C for 0, 4, 8 and 24 h, and 
the surviving populations of B. cereus were enumerated by plating on TSA plates in 
duplicates and incubated at 30°C for 24-48 h. Microbiological analyses, pH and aw of each 
sample were determined at each sampling time (0, 4, 8 and 24 h). Duplicate samples from 
each treatment and control were used and all the analyses were done in three replicates. 
3.3.5. PH and Water Activity of Cereals 
The pH values of the hydrated IRC was measured with a digital pH meter (Hanna HI 
99161) equipped with a glass electrode (Hanna Instruments, Woonsocket, RI, USA). Water 
activity (aw) of the samples from each treatment and storage temperature was immediately 
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determined after opening the packages using a Pawkit water activity meter (Aqua Lab, 
Decagon Devices, Pullman, WA, USA). 
3.3.6. Microbiological Analysis of Reconstituted Cereals 
All hydrated cereal samples were analyzed microbiologically at 0, 4, 8 and 24 h of storage. 
A 3 g portion from each bag (two bags from each treatment) was transferred into a 
corresponding stomacher bag and mixed with 27 ml of peptone water (PW) (Difco 
Laboratories, Sparks, MD). The homogenate was shaken in a stomacher (Seward 
Laboratory Systems, Bohemia, NY, USA) for 60 s, and serial decimal dilutions were made 
in dilution tubes. All samples were spiral plated on tryptic soy agar (TSA) plates to 
determine the surviving B. cereus and its spore populations. Vegetative and spore colonies 
on TSA plates were counted with a plate reader (Neutec Group, Inc., Farmingdale, NY) 
after 24 h of incubation at 30°C.  
3.3.7. Sensory Analyses 
Previously frozen un-inoculated infant rice cereal samples with or without phytochemicals 
were thawed at 4°C overnight. Cereal samples were allowed to equilibrate to room 
temperature prior to evaluation and they were subjectively evaluated by a trained taste 
panel with 12 members in the Food Science Department, University of Kentucky. The 
panelists were consisted of 3 males and 9 females, with the age range of 24-38, who are 
familiar with infant rice cereal. Panelists were subjected to a brief training under 
fluorescent light, where they were presented with the regular rice cereal as the standard. 
The characteristics of the standard rice cereal were described, and oxidized and putrid 
cereals were introduced. The samples were dispensed into paper cups with random three 
digit codes and they were presented in a randomized complete block design. The sensory 
evaluations for the intensities of color and aroma, the overall liking of texture, appearance 
and overall acceptability (Appx Table A.1) were done in individual cubicles under 
controlled conditions of light and temperature. Panelists were instructed to examine the 
reconstituted infant cereal using nine-point hedonic scale (9=strong [or like] extremely, 
5=neither strong [or like] nor weak [or dislike], and 1=weak [or dislike] extremely). Water 
and unsalted crackers were provided to cleanse the palate during evaluation. 
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3.3.8. Statistical Analysis 
Each experiment was replicated three times (two samples per replicate) with different 
batches of infant cereal. Microbiological data were converted to log CFU ml-1  and 
evaluated using a 4 × 3 × 4 × 3 (number of treatments × storage temperatures × storage 
(sampling) times × number of replicates, respectively) factorial design. All data were 
analyzed by analysis of variance for main (fixed) effects using Statistical Analysis System 
(SAS 9.4, 2013) software (SAS Institute Inc., Cary, NC, USA). Least-square means were 
used along with the General Linear Model (GLM) Bonferroni procedure of SAS in order 
to determine the significant differences (P <0.05) between means. All analyses were 
undertaken at the 95% confidence level. 
3.4. Results and Discussion 
3.4.1. Screening Bioactive Plant Compounds for Antimicrobial Activity against B. 
cereus 
The inhibitory activity of EGCG, TC and GI against B. cereus and B. cereus spores were 
determined by using a 96 well plate assay. The MIC values of these phytochemicals against 
a five-strain mixture of B. cereus in MHB are shown in Table 3.1. TC showed the lowest 
MIC, 125 ppm, against the B. cereus spores while all the other phytochemicals had MIC 
of 250 ppm against both B. cereus and its spores. Based on the preliminary experiments, 
the MIC values determined in vitro did not perform the same antimicrobial activity in food 
applications (Burt, 2004; Cetin-Karaca, 2011). Therefore, the concentrations (500 ppm) 
higher than the in vitro MICs were used in this study. 
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Table 3. 1. MICs (ppm) of phytochemicals against B. cereus (ATCC 14579) after 24 h. 
Phytochemicals Source of the phytochemicals MIC (ppm) 
          B. cereus 
B. cereus 
spores 
trans-cinnamaldehyde cinnamon bark (Cinnamomum cassia) 250 125 
(-)-epigallocatechin gallate green tea (Camellia sinensis) 250 250 
[10]-gingerol ginger (Zingiber officinale) 250 250 
 
3.4.2. Inhibition of B. cereus by the Application of Phytochemicals in Reconstituted 
Infant Rice Cereal 
The average initial B. cereus and B. cereus spores population in the reconstituted rice cereal 
was approximately 6.5 log and 5.0 log CFU ml-1, respectively. After the application of 
phytochemicals, reconstituted infant rice cereal was stored up to 24 h at 7, 23 and 37°C, in 
order to mimic the storage temperatures of the advanced prepared infant cereal. Overall, 
statistical analysis of the microbial growth data revealed that the storage temperature, time, 
and treatments significantly affected the growth of B. cereus (P <0.05). 
3.4.2.1. Inhibition of B. cereus Vegetative Cells 
Figure 3.1 shows that TC in reconstituted infant rice cereal showed varying antimicrobial 
activity against B. cereus at all storage temperatures, 7, 23 and 37°C. TC showed the 
highest antimicrobial activity (P <0.05) amongst the phytochemicals applied to rice cereal, 
by inhibiting the B. cereus growth by 2.72 log CFU g-1 at 23°C (resembles the room 
temperature) after 24 h. Since B. cereus doesn’t grow well at refrigeration, which is the 
recommended storage for the reconstituted cereal (FDA, 2014), there was only a 0.09 log 
CFU g-1 reduction at 7°C. At 37°C, TC inhibited the B. cereus growth by 1.92 log CFU g-
1 after 4 hours and 0.83 log CFU g-1 after 24 h. EGCG did not exhibit as much inhibition 
as TC (P <0.05) did for B. cereus (Fig 3.2). The highest growth inhibition by EGCG was 
0.24 log CFU g-1 which was observed at 37°C storage after 24 h. Additionally, when rice 
cereal with EGCG was stored at 7 and 23°C, a slight reduction in B. cereus growth was 
observed after 24 h by 0.16 and 0.13 log CFU g-1, respectively.  Figure 3.3 depicts the 
growth of B. cereus in GI applied rice cereal. There was only a 0.7 and 0.53 log CFU g-1 
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reduction observed at 23 and 37°C, respectively. No antimicrobial activity was observed 
(P >0.05) during the storage at 7°C. Overall, the highest B. cereus inhibition was observed 
at the storage temperature of 23°C, whereas the lowest inhibition was determined at 7°C. 
The B. cereus population significantly (P <0.05) increased up to log 8.3-9.0 log CFU g-1 
with an increase in storage temperature verifying that the abusive temperature conditions 
(23 and 37°C) stimulated the growth of B. cereus during storage.  
In contrast, B. cereus did not only grow in rice cereal stored at 7°C for 24 h but also 
demonstrated a growth reduction from 5.8-6.7 to 5.7-6.5 log CFU g-1.  
In previous reports, Salmonella (Abushelaibi et al., 2003b), B. cereus (Jaquette and 
Beuchat, 1998) and Listeria monocytogenes (Abushelaibi et al., 2003a) did not grow in rice 
cereal reconstituted with milk and stored at refrigeration temperatures (4-5°C). However, 
an increase in Cronobacter sakazakii population in infant rice cereal was reported when it 
was stored at 4°C up to 24 weeks (Lin and Beuchat, 2007). These findings suggest that 
sufficient refrigeration would prevent growth of potential B. cereus contaminants in 
reconstituted rice cereals, irrespective of the phytochemicals applied which are in good 
agreement with (Abushelaibi et al., 2003b; Amalaradjou et al., 2009). 
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Figure 3.1. Antimicrobial efficacy of trans-cinnamaldehyde (0.05%) on B. cereus in 
reconstituted infant rice cereal stored at 7, 23 and 37°C. Each point is the mean of two 
samples taken from three replicate experiments (n=2×3=6). Error bars denote SD. 
 
Figure 3.2. Antimicrobial efficacy of (-)-epigallocatechin gallate (0.05%) on B. cereus in 
reconstituted infant rice cereal stored at 7, 23 and 37°C. Each point is the mean of two 
samples taken from three replicate experiments (n=2×3=6). Error bars denote SD. 
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Figure 3.3. Antimicrobial efficacy of [10]-gingerol on B. cereus in reconstituted infant rice 
cereal stored at 7, 23 and 37°C. Each point is the mean of two samples taken from three 
replicate experiments (n=2×3=6). Error bars denote SD. 
 
3.4.2.2. Inhibition of B. cereus Spores 
Although spores are more resistant to the antimicrobials and processing conditions 
(Aouadhi et al., 2014; Stoeckel et al., 2013), application of TC in rice cereal showed a 
higher antimicrobial activity at the storage temperature of 23°C, against B. cereus spores 
compared to the vegetative cells (P <0.05), by a 3.8 log CFU g-1 growth reduction (Fig 
3.4). TC was also successful in reducing the B. cereus spore population by 0.25 and 2.0 log 
CFU g-1 at 7, and 37°C storage for 24 h, respectively. Not only B. cereus spores did not 
grow substantially in rice cereal stored at 7°C, they were also not reduced by EGCG (P 
<0.05) (Fig 3.5). However, B. cereus spore population was inhibited in rice cereal samples 
with EGCG by 0.27 log CFU g-1 at 23°C and by 0.21 log CFU g-1 at 37°C storage. 
Inhibitory effect of EGCG on B. cereus spores at 37°C was reduced from 0.5 log CFU g-1 
after 8 h of storage to 0.21 log CFU g-1 after 24 h of storage.  
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Figure 3.6 depicts the antimicrobial activity of GI against B. cereus spores in reconstituted 
rice cereal. The highest reduction in B. cereus spores count was observed after 8 h storage 
at 23°C, by approximately 0.63 log CFU g-1, which reduced to 0.4 log CFU g-1 by 24 h. 
Likewise, at 37°C storage, GI exhibited a 0.5 log CFU g-1 inhibition at 8 h, which reduced 
to 0.11 log CFU g-1 after 24 h. Although not being significant (P >0.05), there was a 0.2 
log CFU g-1 reduction in B. cereus spores population after 24 h at 7°C.  
Generally, the highest B. cereus spores inhibition was observed at 23°C, while the lowest 
inhibition was determined at 7°C. The B. cereus population significantly (P <0.05) 
increased from 5 log CFU g-1 up to log 8.6 log CFU g-1 with increase in storage 
temperatures verifying that the abusive temperature conditions (23 and 37°C) stimulated 
the growth of B. cereus spores during 24 h storage. In contrast, B. cereus did not grow in 
rice cereal stored at 7°C, and also demonstrated a growth reduction of 0.3 log CFU g-1 at 
the end of the 24 h storage period. The significantly reduced antimicrobial activity of all 
the phytochemicals can be attributed to the changes in the fatty acid profile and fluidity of 
bacterial cell membrane at cold temperatures (Amalaradjou et al., 2009). The plasma 
membrane is the primary target of many natural antimicrobials (Gill and Holley, 2006a) 
where the changes in lipid composition of cell membrane, including the relative 
proportions of different fatty acid classes alter and both lipid unsaturation and fluidity 
increase when it is exposed to cold (Amalaradjou et al., 2009; Russell, 1984). These 
changes in bacterial cell membrane may potentially interfere with the action of 
phytochemicals, resulting in a lower antimicrobial effect at cold temperatures. The 
increased antimicrobial activity of the phytochemicals at 23 and 37°C could be attributed 
to the higher metabolic growth and death rates of B. cereus at these temperatures compared 
to those at 7°C. Previously, higher rates of inhibition of B. cereus (Jaquette and Beuchat, 
1998), C. sakazakii (Amalaradjou et al., 2009; Richards et al., 2005), Salmonella 
(Abushelaibi et al., 2003b) and L. monocytogenes (Abushelaibi et al., 2003a) in infant rice 
cereal were observed at abused temperature conditions (21, 23, 25, 30 and 37°C). 
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Figure 3.4. Antimicrobial efficacy of trans-cinnamaldehyde (0.05%) on B. cereus spores 
in reconstituted infant rice cereal stored at 7, 23 and 37°C. Each point is the mean of two 
samples taken from three replicate experiments (n=2×3=6). Error bars denote SD. 
 
Figure 3.5. Antimicrobial efficacy of (-)-epigallocatechin gallate (0.05%) on B. cereus 
spores in reconstituted infant rice cereal stored at 7, 23 and 37°C. Each point is the mean 
of two samples taken from three replicate experiments (n=2×3=6). Error bars denote SD. 
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Figure 3.6. Antimicrobial efficacy of [10]-gingerol on B. cereus spores in reconstituted 
infant rice cereal stored at 7, 23 and 37°C. Each point is the mean of two samples taken 
from three replicate experiments (n=2×3=6). Error bars denote SD. 
 
3.4.3. Changes in PH and Water Activity of Reconstituted Infant Rice Cereal  
The pH and water activity of the infant rice cereal reconstituted with PIF were 6.8 and 0.92, 
respectively. The addition of 0.05% phytochemicals, TC, EGCG or GI, did not result in 
any significant changes in the pH or water activity of reconstituted rice cereal. Overall, 
statistical analysis of pH data revealed that the main effects of storage temperature, time, 
and treatments were significant (P <0.05), whereas the water activity was not significant.  
In general, the pH of the rice cereal stored at 7°C did not differ significantly (P >0.05) from 
the initial pH throughout the 24 h storage. However, when stored at 23 or 37°C, a decrease 
in pH was observed in rice cereal with GI and TC after 4 h and EGCG after 8 h of storage 
(Table 3.2). The pH drop in temperature abused rice cereal might be attributed to the major 
microbial growth and result in metabolic activity (Abushelaibi et al., 2003b). The 
recommended pH in infant food is ≥ pH 5.00 (FDA, 2015b), which was accomplished in 
this study with all cereal samples even after 24 h of storage. Although, the pH of the control 
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cereal samples stored at 23 or 37°C was reduced to 5.2 after 24 h, they were still in the 
acceptable range for the pH requirement. Although pH was decreased (within the storage 
times at 23 and 37°C) in rice cereal with EGCG  and GI  inoculated with B. cereus starting 
at 4 and 8 h, respectively, there wasn’t a significant difference (P >0.05) when they were 
compared to the controls (Table 3.2). In contrast, a relatively less pH decrease (P >0.05) 
was observed in rice cereal with TC than the controls. Similarly, the control rice cereal 
(within the storage times at 23 and 37°C) inoculated with B. cereus spores showed a 
significantly lower pH (P <0.05) than those of the cereal with TC, EGCG and GI (Table 
3.3). Thus, the application of phytochemicals prevented the reduction of pH in abused 
temperature conditions, which accounts for preservation. Findings of this study, where the 
pH of the cereals stored at room temperature (23-25°C) or higher decreased significantly, 
are in good agreement with those on C. sakazakii (Richards et al., 2005), B. cereus (Jaquette 
and Beuchat, 1998) and E. coli O157:H7 (Deng et al., 1998), indicating that substantial 
growth and metabolic activities of both pathogens, as well as other microorganisms, 
occurred in the cereal. In these studies, milk, water or apple juice was used as the 
reconstitution liquid in infant rice cereal.  
Restricted growth of Salmonella (Abushelaibi et al., 2003b) occurred at 25°C in cereals 
reconstituted with apple juice, while weak or no growth occurred at 15°C, indicating higher 
sensitivity to low pH than that observed for C. sakazakii. In general, as the storage 
temperature was increased, the pH reduction time was decreased. Significant decreases (P 
<0.05) in pH occurred within 4, 8 and 24 h in cereals stored at 23 and 37°C. The pH being 
steady at 7°C and a gradual decrease in abused temperatures (23 and 37°C) during the 24 
h storage can be used as the evidence for the safety of refrigeration temperature for 
reconstituted infant rice cereal (Abushelaibi et al., 2003a). Following the reconstitution 
with infant formula, rice cereal had enough free water to support bacterial (B. cereus) 
growth during 24 h of storage, temperature and pH permitting. No significant differences 
(P >0.05) in water activity were observed for the cereals during storage at any temperatures 
(Appx Tables A.2 and A.3), which was in in agreement with Abushelaibi et al. (2003b). 
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Table 3.2. Effect of phytochemicals on pH of reconstituted infant rice cereal with B. cereus stored at 7, 23, and 37°C. 
Storage 
Time 
(Hour) 
 PH of Infant Rice Cereal with Trans-Cinnamaldehyde 
7°C 23°C 37°C 
0% 0.05% 0% 0.05% 0% 0.05% 
0 6.86 ± 0.02 6.88 ± 0.02 6.86 ± 0.02 6.88 ± 0.02 6.86 ± 0.02 6.88 ± 0.02 
4 6.74 ± 0.02 A 6.74 ± 0.03 A 6.71 ± 0.04 A 6.71 ± 0.03 A 6.26 ± 0.04 B 6.7 ± 0.02 A 
8 6.72 ± 0.01 A 6.73 ± 0.01 A 6.42 ± 0.02 A 6.68 ± 0.03 A 5.53 ± 0.05 B 6.61 ± 0.04 A 
24 6.67 ± 0.03 A 6.72 ± 0.02 A 5.37 ± 0.03 A 6.58 ± 0.03 B 5.13 ± 0.04 B 5.81 ± 0.25B 
Storage 
Time 
(Hour) 
 PH of Infant Rice Cereal with Epigallocatechin Gallate 
7°C 23°C 37°C 
0% 0.05% 0% 0.05% 0% 0.05% 
0 6.74 ± 0.03 6.77 ± 0.06 6.74 ± 0.03 6.77 ± 0.06 6.74 ± 0.03 6.77 ± 0.06 
4 6.79 ± 0.01 6.75 ± 0.01 6.79 ± 0.03 6.74 ± 0.02 6.69 ± 0.05 6.71 ± 0.04 
8 6.76 ± 0.04 6.73 ± 0.03 6.72 ± 0.04 6.44 ± 0.21 6.35 ± 0.22 6.32 ± 0.09 
24 6.6 ± 0.12 A 6.74 ± 0.05 A 5.59 ± 0.38 B 5.61 ± 0.09 B 5.14 ± 0.04B 5.23 ± 0.11B 
Storage 
Time 
(Hour) 
 PH of Infant Rice Cereal with [10]-Gingerol 
7°C 23°C 37°C 
0% 0.05% 0% 0.05% 0% 0.05% 
0 6.72 ± 0.07 6.7 ± 0.02 6.74 ± 0.07 6.71 ± 0.04 6.76 ± 0.09 6.7 ± 0.01 
4 6.84 ± 0.08 A 6.82 ± 0.06 A 6.64 ± 0.07 A 6.57 ± 0.02 A 5.89 ± 0.08 B 5.78 ± 0.07 B 
8 6.84 ± 0.1 A 6.71 ± 0.02 A 6.28 ± 0.09 A 6.26 ± 0.04 A 5.4 ± 0.11 B 5.47 ± 0.05 B 
24 6.68 ± 0.03 A 6.7 ± 0.02 A 5.13 ± 0.02 B 5.22 ± 0.02 B 5.21 ± 0.07 B 5.24 ± 0.04 B 
A-B Between treatments within the same time, means that do not share a common letter differ significantly (P <0.05). 
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Table 3.3. Effect of phytochemicals on pH of reconstituted infant rice cereal with B. cereus spores stored at 7, 23, and 37°C. 
Storage 
Time 
(Hour) 
 PH of Infant Rice Cereal with Trans-Cinnamaldehyde 
7°C 23°C 37°C 
0% 0.05% 0% 0.05% 0% 0.05% 
0 6.73 ± 0.02 6.75 ± 0.03 6.73 ± 0.02 6.75 ± 0.03 6.73 ± 0.02 6.75 ± 0.03 
4 6.8 ± 0.05 6.8 ± 0.03 6.79 ± 0.04 6.78 ± 0.03 6.72 ± 0.03 6.75 ± 0.04 
8 6.79 ± 0.05 6.78 ± 0.06 6.76 ± 0.05 6.76 ± 0.05 6.21 ± 0.08 6.61 ± 0.21 
24 6.74 ± 0.07 A 6.78 ± 0.02 A 5.46 ± 0.05 A 6.35 ± 0.58 B 5.14 ± 0.07 AB 5.64 ± 0.32 B 
Storage 
Time 
(Hour) 
 PH of Infant Rice Cereal with Epigallocatechin 
7°C 23°C 37°C 
0% 0.05% 0% 0.05% 0% 0.05% 
0 6.78 ± 0.05 6.82 ± 0.04 6.78 ± 0.05 6.82 ± 0.04 6.78 ± 0.05 6.82 ± 0.04 
4 6.78 ± 0.04 6.75 ± 0.01 6.78 ± 0.04 6.73 ± 0.01 6.61 ± 0.24 6.72 ± 0.02 
8 6.77 ± 0.04 6.74 ± 0.01 6.65 ± 0.17 6.71 ± 0.02 6.15 ± 0.47 6.45 ± 0.17 
24 6.61 ± 0.25 A 6.71 ± 0.03 A 5.6 ± 0.37 B 5.71 ± 0.27 B 5.23 ± 0.14 B 5.57 ± 0.27 B 
Storage 
Time 
(Hour) 
 PH of Infant Rice Cereal with [10]-Gingerol 
7°C 23°C 37°C 
0% 0.05% 0% 0.05% 0% 0.05% 
0 6.74 ± 0.07 6.77 ± 0.08 6.74 ± 0.07 6.77 ± 0.08 6.74 ± 0.07 6.77 ± 0.08 
4 6.78 ± 0.07 6.8 ± 0.07 6.74 ± 0.02 6.69 ± 0.07 6.34 ± 0.3 6.42 ± 0.44 
8 6.78 ± 0.09 A 6.74 ± 0.03 A 6.52 ± 0.15 A 6.53 ± 0.26 A 5.82 ± 0.37 AB 6.16 ± 0.53 B 
24 6.72 ± 0.05 A 6.74 ± 0.04 A 5.34 ± 0.13 B 5.61 ± 0.33 B 5.22 ± 0.09 B 5.47 ± 0.3 B 
A-B Between treatments within the same time, means that do not share a common letter differ significantly (P <0.05). 
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3.4.4. Changes of Sensorial Characteristics in Reconstituted Infant Rice Cereal as 
Affected by the Addition of Phytochemicals 
Texture, general appearance and overall acceptability attributes were determined to have 
no significant differences (P >0.05) between the control and the cereal with phytochemical 
added, stored at 7 and 23°C (Appx Tables A.4 and A.5). However, color intensity ratings 
for EGCG was significantly higher (P <0.05) than those of other samples containing 
phytochemicals and the control (Fig 3.7 and Fig 3.8). The application of EGCG yielded a 
pink-purple color in the final rice cereal, whereas the other phytochemicals did not result 
in any color changes in the product. For the aroma intensity, reconstituted infant rice cereal 
containing TC had the highest ratings through the 24 h storage at both temperatures (Fig 
3.9 and Fig 3.10). Rice cereal containing TC exhibited a cinnamon-like taste, which did 
not cause a significant difference in the overall acceptability of the products. Ratings for 
the aroma intensity of cereal containing the other phytochemicals stored at both 7 and 23°C 
were not significantly different from the control; however, their ratings were lower than 
those of the control. 
There was no significant relationship between the treatments and storage time for both 
color and aroma attributes (P >0.05). According to a recent sensory report on antimicrobial 
activity of combined plant extracts in infant rice cereal, the ratings of overall appearance 
of the cereal with plant extracts were lower than those of the control (Jun et al., 2013). The 
same study also reported significant differences in color and aroma among the control and 
samples with C. pumila (8 mg/ml) and D. erytrosora (1.0 mg/ml) extracts, while no 
differences were observed for the ratings for overall acceptance of the cereal containing 
the aforementioned plant extracts. 
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Figure 3.7. Color intensity scores of control, trans-cinnamaldehyde, (-)-epigallocatechin 
gallate and [10]-gingerol applied reconstituted infant rice cereal stored at 7°C. Each point 
is the mean of 12 responses. Error bars represent standard error. 
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Figure 3.8. Color intensity scores of control, trans-cinnamaldehyde, (-)-epigallocatechin 
gallate and [10]-gingerol applied reconstituted infant rice cereal stored at 23°C. Each point 
is the mean of 12 responses. Error bars represent standard error. 
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Figure 3.9. Aroma intensity scores of control, trans-cinnamaldehyde, (-)-epigallocatechin 
gallate and [10]-gingerol applied reconstituted infant rice cereal stored at 7°C. Each point 
is the mean of 12 responses. Error bars represent standard error. 
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Figure3.10. Aroma intensity scores of control, trans-cinnamaldehyde, (-)-epigallocatechin 
gallate and [10]-gingerol applied reconstituted infant rice cereal stored at 23°C. Each point 
is the mean of 12 responses. Error bars represent standard error. 
AB
A 
B B 
AB
A 
B
C 
AB
A 
B
B 
AA 
B
B 
B 
A 
B B B 
A 
BB 
B 
A 
B
B 
B 
A 
B
B 
65 
 
3.5. Conclusion 
Results of this study indicate that TC, GI and EGCG can exert varying inhibitory activity 
against both B. cereus and its spores. Among the phytochemicals applied to rice cereal, TC 
exhibited the highest antimicrobial activity against B. cereus and its spores by 2.7 log CFU 
g-1 and 3.8 log CFU g-1, respectively. B. cereus growth was accompanied by a decrease in 
pH of the reconstituted rice cereal which might be due to the production of acids by B. 
cereus. After 24 h at 23 and 37°C, the population of B. cereus increased from 6.5 log CFU 
g-1 to 8.8 log CFU g-1, and the pH decreased from 6.75 to 5.2. Centers for Disease Control 
and Prevention (CDC) recommends that infant rice cereal reconstituted with infant formula 
should be refrigerated and discarded after 24 h of refrigeration, and prepared rice cereal 
should not be stored at room temperature for more than 4 h (Baker, 2002; FAO/WHO, 
2008). It is evident from this study that rice cereal stored at 7°C (above the refrigeration 
temperature of 4°C) for 24 h did not support the growth of B. cereus and its spores. 
Additionally, B. cereus demonstrated a growth reduction after 24 h, from 5.8-6.7 to 5.7-
6.5 log CFU g-1, and pH values of the rice cereal stored at 7°C did not differ significantly 
(P >0.05) during 24 h.  
Sensorial changes in the quality of reconstituted infant rice cereals were subjectively 
evaluated by an adult panel. Although the color and aroma attributes of phytochemicals 
were found significantly different (P <0.05) from the plain (control) rice cereal, texture, 
overall appearance and acceptability were not found significant. TC does not produce any 
cytotoxic effects on human embryonic intestinal cells (INT-407) (Amalaradjou et al., 2009) 
and all the phytochemicals studied here are stated as GRAS (FDA, 2015b) and approved 
for food use. Therefore incorporation of these phytochemicals in cereal preparations may 
serve as a potential natural antimicrobial activity even when they are utilized at low 
concentrations, inhibiting both vegetative cells and spores of B. cereus. Thus, they can 
provide a reasonable way to protect infants from B. cereus and similar pathogenic diseases 
transmitted through contaminated cereal. In the future studies, factors that may enhance 
the antimicrobial activity of phytochemicals in reconstituted infant rice cereal should be 
evaluated concurrent with the potential toxicity of these plant compounds to infants. 
Combinations of these compounds should be evaluated for a higher antimicrobial activity 
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targeting to maximize the lethal activity against B. cereus and minimize the individual 
amounts of the compounds needed to accomplish this goal. 
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CHAPTER 4. ANTIMICROBIAL EFFICACY OF NATURAL 
BIOACTIVE COMPOUNDS AND HIGH PRESSURE PROCESSING 
AGAINST CRONOBACTER SAKAZAKII IN INFANT FORMULA 
4.1. Summary 
This study investigated the application of natural bioactive compounds of trans-
cinnamaldehyde (TC) and chitosan (CH) along with high pressure processing (HPP) 
against Cronobacter sakazakii in infant formula. The influence of these applications on 
antimicrobial activity, shelf-life stability and sensory attributes of infant formula were 
examined.  
High pressure (HP) at 600 MPa, and TC (0.05 %) along with CH (1%) were applied either 
alone or in combinations to reconstituted powdered infant formula (PIF). Infant formula 
was inoculated with a 3 strain C. sakazakii (ATCC 29544, ATCC 12868, and ATCC BAA 
894) cocktail to obtain 107-108 log CFU ml-1. Samples were stored for 8 weeks at 7°C and 
23°C for 5 weeks at 45°C. Microbiological, protein oxidation, and quality attributes were 
measured including: sensory analyses, pH and emulsion stability measurements. Internal 
structural alterations in C. sakazakii were observed by transmission electron microscopy. 
C. sakazakii was fully inactivated by HPP (600 MPa for 5 m), TC (0.05%) and CH (1%) 
combination after 4, 6 and 2 weeks of storage at 7, 23 and 45°C, respectively. All HP 
treatments exhibited a minimum of 5.5 log CFU ml-1 reduction while the highest reductions 
with non-HP treatments were 2.1, 1.1 and 3.7 log CFU ml-1 at 7, 23, and 45°C storage, 
respectively. A gradual decrease (P <0.05) in pH was observed in non-HP treated samples 
stored at 7 and 23°C, while there was only a pH decrease in HP treated samples stored at 
45°C. This might be attributed to the HPP acting to enhance the shelf-life stability of 
reconstituted PIF. Emulsion stability and protein oxidation of the formula were not affected 
with the application of the treatments. Although TC exhibited a cinnamon-like taste, the 
color, aroma, texture and the overall acceptability of the formula did not differ significantly 
from those of the control samples in the sensory analyses. Remarkable deformation and 
damage was observed in C. sakazakii cells after the application of HP and bioactive 
compounds. 
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In summary, the antimicrobial findings suggest that natural bioactive compounds of TC 
and CH could be incorporated in infant formula as a natural preservative to replace the 
synthetic preservatives and/or enhance the microbiological safety. Additionally, HPP could 
be a safe and effective processing alternative to the thermal applications while preserving 
the sensory and quality attributes. 
4.2. Introduction 
Powdered infant formula (PIF) is a manufactured infant food, formulated to mimic the 
nutritional profile of human breast milk to support the adequate growth of infants up to 12 
months of age (WHO, 2007b). PIF constitutes the majority of infant formula fed to infants 
worldwide (Amalaradjou et al., 2009). However, it is not required to be a sterile product 
and has been a vehicle of transmission in the outbreaks and sporadic cases of Cronobacter 
sakazakii (Iversen and Forsythe, 2004; Kandhai et al., 2010). Since infants and young 
children do not have a well-developed immune system, they are more vulnerable to 
foodborne infections. Recently, the International Commission on Microbiological 
Specifications for Foods has ranked C. sakazakii as “Severe hazard for restricted 
populations, life threatening or substantial chronic sequelae over a long duration” (ICMSF, 
2002; Lee et al., 2007). Subsequently, it has the same ranking as more familiar food and 
waterborne pathogens such as L. monocytogenes, C. botulinum types A and B and 
Cryptosporidium parvum (Forsythe, 2005). 
Cronobacter is an emerging genus of opportunistic Gram-negative pathogens that is a 
member of the Enterobacteriaceae. Cronobacter are motile, non-spore forming, facultative 
anaerobic bacteria which can grow over a wide temperature range of minimum, optimum 
and maximum of 6, 39 and 46°C, respectively (Chap et al., 2009; Forsythe, 2005; Iversen 
and Forsythe, 2004). Initially Cronobacter genus was defined as the species Enterobacter 
sakazakii by Farmer et al. (1980) in 1980 to honor the Japanese bacteriologist Richi 
Sakazakii. C. sakazakii is an occasional contaminant of PIF that can cause a rare but life-
threatening form of neonatal meningitis (inflammation of the lining of the brain), 
bacteremia, necrotizing enterocolitis (NEC) (severe intestinal infection), sepsis (bacteria in 
the blood), and necrotizing meningoencephalitis after ingestion (Hunter and Bean, 2013; 
Iversen and Forsythe, 2003). C. sakazakii was first associated with neonatal deaths in 1961 
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by Urmenyi and Franklin (1961). Both meningitis and NEC caused by C. sakazakii have 
high mortality rates of 40-80% and 10-55%, respectively (Forsythe, 2005). In addition to 
the high fatality rate of C. sakazakii infections, it may result in severe neurological sequelae 
such as hydrocephalus, quadriplegia, and retarded neural development in survivors 
(Forsythe, 2005). Other resultant diseases such as conjunctivitis, urinary tract infections, 
diarrhea, tonsillitis and osteomyelitis were also reported (Gurtler et al., 2005; Hunter and 
Bean, 2013). Although illnesses due to Cronobacter spp. have been reported in all age 
groups, it appears that infants (particularly neonates) are at the highest risk for infection, 
especially those who are born prematurely, have a low birth weight or are 
immunocompromised  (FAO/WHO, 2008). Infections in healthy infants have also been 
reported (Norberg et al., 2012; Strydom et al., 2012), and it has been proposed that the 
immature immune systems and gastrointestinal tracts of this group make them less capable 
to combat pathogens and allow prolonged survival of Cronobacter in the body 
(FAO/WHO, 2004; Iversen and Forsythe, 2003).  
C. sakazakii has been isolated from diverse environments including soil, rats, flies, beer 
mugs, hospitals, households, daycare centers (Norberg et al., 2012). Although a variety of 
foods such as milk powder, powdered infant formula, dried infant foods as well as herbs 
and spices (Iversen and Forsythe, 2004) have been the source of C. sakazakii, 
epidemiological studies implicate the dried PIF as the primary source of transmission 
(Strydom et al., 2012). It has been isolated from PIF by numerous investigators 
(Amalaradjou et al., 2009; Beuchat et al., 2009; O'Brien et al., 2009), and there were many 
recalls of C. sakazakii contaminated infant formula in the United States (Gurtler et al., 
2005; Iversen and Forsythe, 2004). In November 2002, a nationwide recall of more than 
1.5 million cans of PIF contaminated with C. sakazakii was reported (FSNET, 2002). On 
April 12, 2002, the United States Food and Drug Administration (FDA) issued an alert to 
U.S. healthcare professionals regarding the risk associated with C. sakazakii infections 
among neonates fed milk-based PIF (FDA, 2002).  
Reconstituted PIF is nutritious but can support bacterial growth when given favorable 
conditions of water availability, time and temperature. Therefore, once reconstituted, the 
only remaining barriers to generate bacterial growth and risk of infection are time and 
temperature. When present, it can multiply during preparation, cooling, storage and holding 
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of the feeding bottles (Hayes et al., 2009). Contamination of PIF by Cronobacter spp. can 
be intrinsic or extrinsic. With intrinsic contamination the organism is introduced into PIF 
during the manufacturing process. In general Cronobacter spp. do not survive the 
pasteurization treatments applied during manufacture of PIF. Therefore, it has been 
suggested that intrinsic contamination probably occurs after the heat processing (Iversen 
and Forsythe, 2004) by the addition of contaminated ingredients after spray drying or from 
the factory environment between drying and packaging. Extrinsic contamination could 
occur during reconstitution and handling, for instance when using poorly cleaned or 
sanitized equipment or utensils (Huertas et al., 2015; Strydom et al., 2012). 
C. sakazakii can grow at temperatures as low as 5.5°C, which is the refrigeration 
temperature of many standard refrigerators (Amalaradjou et al., 2009). As an increase in 
microbial numbers equates to an increased risk of infection, it is important to recognize the 
temperature range over which C. sakazakii (and other bacterial pathogens) can multiply. It 
has been reported that the minimum lethal dose of C. sakazakii in neonates was far higher 
than the numbers normally detected in contaminated infant formula (Yan et al., 2012). 
However, if reconstituted PIF was temperature abused over time (during storage) the 
organism can grow substantially, up to >105 CFU ml-1, due to its short lag time and 
generation time (Amalaradjou et al., 2009; Hayes et al., 2009). In this regard, C. sakazakii 
possesses several characteristics that qualify it to be an effective foodborne pathogen infant 
formula. It takes approximately 14 h for C. sakazakii to double at 10°C, (slightly above the 
regular refrigeration temperature), whereas this only takes 45 min at room temperature. 
According to (FAO/WHO, 2004), the relative risk of ingesting C. sakazakii will increase 
30-fold after 6 h and 30,000-fold after 10 h at 25°C. Therefore, risk reduction can be 
achieved by ensuring that reconstituted PIF is rapidly cooled to temperatures below 10°C 
and that the time between reconstitution and consumption is minimized (Forsythe, 2005).  
Breeuwer et al. (Breeuwer et al., 2003) revealed that C. sakazakii has a high tolerance to 
osmotic stress and desiccation, enabling the strain to survive in the low water activity (aw 
0.2) environment of PIF. It also exhibits significant resistance to low pH (Hayes et al., 
2009). Although heat treatment is reported as a general method for inactivating or reducing 
C. sakazakii, it is still one of the most thermo-tolerant bacteria in the Enterobacteriaceae 
family (Lee et al., 2007; Lin and Beuchat, 2007). Inactivation methods for Cronobacter 
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include ultra-high temperature (UHT) processing for milk and fluids, 
manothermosonication (MTS), ultraviolet light, pulsed electric field, x-ray irradiation and 
high pressure processing (Bowen and Braden, 2006). High pressure processing (HPP) of 
food has been developed as an alternative to thermal processing, which can reduce the 
quality deterioration and prevent nutrient losses during preservation (Krebbers et al., 2002; 
Wang et al., 2009). The ability to inactivate microorganisms without adversely affecting 
quality and nutritional attributes, as well as the increasing consumer demand for safe, 
minimally processed, preservative-free foods with an extended shelf-life, makes HPP a 
potential application in infant formula and other infant foods. 
In addition to processing technologies and chemical inactivation methods, there is an 
increased interest towards the use of natural products as antimicrobials. Increased antibiotic 
resistance among Cronobacter spp. and concerns regarding the safety of synthetic 
preservatives have resulted in expanding interest in the use of alternative natural 
antimicrobials, such as plant derived essential oils, organic acids, peptides derived from 
milk proteins, and polysaccharides derived from crustaceans. Since, infant foods are very 
crucial and highly regulated products, selection of antimicrobials for application in infant 
foods is very important. Trans-cinnamaldehyde (TC) is a major component of cinnamon 
bark essential oil, and it is generally recognized as safe (GRAS) by FDA and is approved 
for use in foods (21 CFR 182.60). The U. S. Flavoring Extract Manufacturers’ Association 
reported that TC has a wide margin of safety between conservative estimates of intake and 
no observed adverse effects from sub-chronic and chronic studies (Adams et al., 2004). 
The report also indicated no genotoxic or mutagenic effects due to TC. Although the 
antimicrobial activity of TC has been reported against C. sakazakii, C. botulinum, S. 
aureus, E. coli and S. typhimurium in vitro, its application in specific foods to improve 
food safety has not been investigated in depth. Previously C. sakazakii biofilm production 
was reduced from abiotic surfaces by 4.0 log CFU ml-1 after 96 h of exposure to 38 mM 
TC. (Amalaradjou and Venkitanarayanan, 2011a). Also, according to Amalaradjou et al. 
(2009) TC (0.5%) reduced C. sakazakii in infant formula to undetectable levels by 4 h of 
incubation at 23-37°C and 10 h of incubation at 4-8°C, respectively. The same study 
reported no cytotoxic effects of TC on human embryonic intestinal cells (INT-407). 
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Chitosan (CH) is a polysaccharide obtained from partial deacetylation of chitin, the main 
constituent of the crustacean skeleton (Rabea et al., 2003). Owing to its high 
biodegradability, biocompatibility, nontoxicity and antimicrobial properties, chitosan is 
widely-used as an antimicrobial agent, either alone or blended with other natural 
compounds (Alishahi, 2014; Kong et al., 2010). It has been studied in food applications as 
a preservative and antimicrobial agent (Martins et al., 2014), including in surface coatings 
(dos Santos et al., 2012), edible films (Vu et al., 2011) on meat products, fruits and 
vegetables (Romanazzi et al., 2015), or as an additive in ground beef (Suman et al., 2011) 
and several acidic foods (Chen et al., 2011). 
To our knowledge the application of TC and CH has not been systematically investigated 
in infant formula targeting foodborne pathogens. Also, this is the first study applying HP 
in infant formula in order to enhance its safety and quality. The objectives of this study 
were to 1) determine the efficacy of TC and CH along with HPP for inactivating C. 
sakazakii, 2) investigate the internal structural changes in C. sakazakii, and 3) evaluate the 
sensory attributes and the shelf-life characteristics of reconstituted PIF at 7, 23 and 45°C 
as affected by TC, CH and HPP. 
4.3. Materials and Methods 
4.3.1. Bacterial Strains and Preparation of Inoculum 
Three strains of Cronobacter sakazakii (ATCC 29544, ATCC 12868, and ATCC BAA 
894) which were isolated from infant food and associated with infant food outbreaks, were 
obtained from the American Type Culture Collection (ATCC). Each strain is cultured in 5 
ml of brain heart infusion (BHI) broth and incubated at 37°C for 24 h with three 
consecutive transfers at 24 h intervals. Cell counts were confirmed by using a spiral plating 
method with tryptic soy agar supplemented with 6% yeast extract (TSAYE) and the Eddy 
Jet spiral plater (Neutec Group, Inc., Farmingdale, NY, USA). The counts were determined 
by the Flash and Go plate reader (Neutec Group, Inc., Farmingdale, NY). Before the 
application, three recently grown strains of C. sakazakii were combined at equal ratios (v:v) 
to obtain a three-strain cocktail. All microbiological media and supplements used in the 
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study were supplied from Difco Laboratories (Sparks, MD, USA) unless otherwise was 
reported. 
4.3.2. Preparation of Bioactive Compounds 
The plant-derived natural bioactive compound trans-cinnamaldehyde (TC) is an amber-
yellow colored liquid with a pH of 5.43. Chitosan (CH) is a low molecular weight, poly 
(D-glucosamine) deacetylated chitin white powder derived from shells of crustaceans.  
CH suspension (1%) was prepared with 2 g CH dissolved in 200 ml of 1% acetic acid 
(Fisher Scientific, Fairlawn, NJ, USA) at room temperature, stirring for 24 h at 120 rpm 
(Fisher Isotemp Digital Stirrer, Pittsburg, PA, USA). Its final pH was adjusted to 5.50 ± 
0.5 using 1N HCl. All bioactive compounds and chemicals used in the study were obtained 
from Sigma-Aldrich (St Louis, MO, USA) and stored at 4°C until used, unless otherwise 
was stated. 
4.3.3. Determination of Minimum Inhibitory Concentrations 
Micro broth dilution technique was performed as outlined in the National Committee for 
Clinical Laboratory Standards (Cetin-Karaca, 2011; NCCLS, 2004). Overnight culture of 
three-strain C. sakazakii cocktail (107-108 CFU ml-1) was transferred aseptically into 
mueller hinton broth (MHB). Serial dilutions of the 100 µl TC and combination of TC and 
CH (1%) (v:v) were dispensed into the wells of a 96-well flat bottom micro-titer plate 
(Nalge NUNC Int., Corning, NY, USA) which contained 100 µl MHB starting from 4000 
ppm (mg l-1) TC and going down to 7.8 ppm were obtained. Compound free inoculated 
MHB with and without the solvent (1 % acetic acid) served as growth control and negative 
control, respectively. Samples in the 96-well flat bottom micro-titer plate were incubated 
at 37°C for 24h. All experiments were carried out three times in duplicate. After 
inoculation, the micro-titer plates were read immediately to obtain the initial absorbance 
using a calibrated spectrophotometer (BioTek Synergy 4, Winooski, VT, USA) at 660 nm 
wavelength. Prior to each incubation process, the samples in the micro-titer plate were 
shaken automatically for 10 sec to obtain a consistent homogeneity. The absorbance was 
read at every 2-hour intervals for a total 24h of incubation period. Minimum inhibitory 
concentration (MIC) was defined as the lowest concentration of the compound that visibly 
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inhibited the bacterial growth in comparison with the control after 24 h incubation (Waśko 
et al., 2014). 
4.3.4. Formula Preparation and Inoculation 
Commercially available powdered infant formula (PIF) (Similac Advance Stage 1, Abbott 
Nutrition, Columbus, OH, USA) was purchased from a local retailer. PIF was prepared 
with sterile deionized (DI) water according to the manufacturer’s instructions (1 scoop (8.3 
g): 2 fl oz. DI water) and stirred well with a sterile magnetic stirrer to completely dissolve 
the powder. PIF was used within 30 days of opening the package. Initial background 
bacterial population of reconstituted PIF was determined by total plate counts which were 
incubated at 37°C for 24-48 h. 
Reconstituted PIF (8,000 ml) was inoculated with a 120 ml three-strain C. sakazakii 
cocktail, which was recently prepared before the application, to yield 7-8 log CFU ml-1 in 
the final reconstituted infant formula. Then, inoculation formula was stirred with a 
magnetic stirrer for 10 minutes for even distribution of the bacteria.  
Inoculated reconstituted PIF was divided into 8 batches of 1000 ± 25 ml batches, and 
bioactive compounds, TC and CH were added to yield 500 ppm (mg/L) (0.05%) TC and 
1% CH concentrations in the final formula product. Inoculated formula samples without 
addition of bioactive compounds were served as the positive control (0 ppm), while un-
inoculated plain formula with nothing added was served as the negative control. 
Treatments include: 
a) T0: Negative control (un-inoculated plain formula) 
b) T1: Positive control (inoculated-0 ppm) 
c) T2: TC (0.05%) 
d) T3: CH (1%) 
e) T4: TC (0.05%)) + CH (1%) 
f) T5: HPP (600 MPa for 5 min) only 
g) T6: TC (0.05%) + HPP (600 MPa for 5 min) 
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h) T7: CH (1%), + HPP (600 MPa for 5 min) 
i) T8: TC (0.05%) + CH (1%), + HPP (600 MPa for 5 min) 
Samples of 10 ± 1 ml were distributed into sterile 10 × 15 cm 3 ply (polyester, aluminum 
foil and polyethylene) HPP-compatible bags (SP4-801EZ-500, AMPAC, Cincinnati, KY, 
USA), which provide an excellent barrier for oxygen, moisture, and light. All samples were 
heat-sealed using an impulse heat-sealer (Uline H-89, KF-450F, Pleasant Prairie, WI, 
USA), and were kept on ice until receiving the HPP application. Initial C. sakazakii 
population (7-8 log CFU ml-1) was determined by plating on TSAYE plates and incubating 
at 37°C for 24 h. 
All the infant formula samples were stored at 7, 23 or 45°C for up to 5-8 weeks. 
Microbiological, protein oxidation and emulsion stability analyses, and pH measurements 
of each sample were determined at each sampling time (0, 1, 2 d, and 1, 2, 3, 4, 5, 6, and 8 
w). Duplicate samples from each treatment and control were used, and all the analyses were 
done in three replicates. 
4.3.5. Application of High Pressure Processing 
Reconstituted PIF samples were exposed to hydrostatic high pressure treatment of 600 MPa 
(87,000 psi) at 4°C for 5 min, using the Avure QFP 100L-600 horizontal oriented HPP 
system (Avure, Erlanger, KY, USA). The unit was equipped with an industry standard 
30XQ multi-intensifier pumping and decompression system capable of generating pressure 
up to 600 MPa. A 100-liter pressure vessel was immersed in a temperature-controlled bath. 
Deionized water was used as the pressure-transmitting medium in the temperature-
controlled bath and pressure vessel. Samples were placed in polyethylene bags containing 
a 0.8% vortex sanitizer and heat-sealed before the process to prevent the possible 
contamination. 
During the HPP, pressure come-up time was 1.41 min, while depressurization occurred 
within 15 sec. Temperature of the samples was recorded using an infrared thermometer 
and scanner with a laser target (UX-37803-69, Cole-Parmer, Vernon Hills, IL, USA) as 7.5 
± 1°C before the HPP. The HPP transmission water temperature was 4°C before the 
process, 18.3°C during the process, and 17.2°C after the process, respectively. Temperature 
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of the samples was recorded as 13 ± 1°C at the end of the process. Samples were kept on 
ice before the HPP application and transferred over ice within 2 minutes of pressure vessel 
exit. All samples were stored at 4°C until the microbial testing was conducted after 4 h 
after exit. 
4.3.6. Microbiological Analysis of Reconstituted Infant Formula 
Reconstituted PIF samples stored at 7°C initially were analyzed microbiologically at 4 h. 
Then, all samples stored at 7, 23 and 45°C  were analyzed at day 0, 1, 2 and week 1, 2, 3, 
4, 5, 6, and 8. Serial decimal dilutions from each bag (two bags from each treatment) were 
prepared in sterile dilution liquid (Difco Laboratories, Sparks, MD). Samples were spiral 
plated on TSAYE plates in duplicates to determine the surviving C. sakazakii populations. 
TSAYE plates were counted with a Flash and Go plate reader (Neutec Group, Inc., 
Farmingdale, NY) after 24 h of incubation at 37°C. When, C. sakazakii was not detected 
by direct plating, samples were tested for injured cells by enrichment. Ten ml of each 
sample was incubated in 90 ml of Enterobacteriaceae Enrichment (EE (Mossel)) Broth at 
37°C for 24 h, followed by streaking on selective Violet Bile Glucose Agar (VRBGA). The 
detection limit was 1 CFU/10 ml. 
4.3.7. PH, Emulsion Stability and Protein Oxidation of Reconstituted Infant Formula 
The pH values of the reconstituted PIF were measured with a digital pH meter (Hanna HI 
99161) equipped with a glass electrode (Hanna Instruments, Woonsocket, RI, USA) at each 
sampling time. Water activity (aw) was immediately determined in recently prepared 
samples, and again at the end of storage, using a Pawkit water activity meter (Aqua Lab, 
Decagon Devices, Pullman, WA, USA).  
Emulsion stability was determined by centrifuging 10 ml of RPIF samples in 15 ml 
transparent graduated centrifuge tubes (Nunc Fisher Scientific, Rochester, NY, USA) at 
10,000×g for 15 min at 4°C. Then the volume (height) of the boundaries formed between 
two layers (separated phases) was recorded and characterized by a creaming (separation) 
index (CI): 
 𝐶𝐶𝐶𝐶 = 100 × 𝐻𝐻𝑆𝑆
𝐻𝐻𝐸𝐸
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where, HE is  the  total  height  of  the  emulsion  and  HS is  the  height of the serum layer. 
The oxidative changes in proteins during RPIF storage were assessed by monitoring 
carbonyl formation in infant formula proteins using the 2, 4-dinitrophenylhydrazine 
(DNPH) colorimetric method as reported by Levine et al. (1990). The carbonyl content was 
expressed as nanomoles of carbonyl groups per milligram of soluble protein and calculated 
using an absorption coefficient of 2.2 × 104 M−1cm−1. Soluble protein concentration in the 
final solution was measured by UV absorbance at 280 nm and calculated based on a 
standard curve prepared with bovine serum albumin. The carbonyl content was measured 
by UV absorbance at 370 nm. 
4.3.8. Sensory Analyses 
PIF was reconstituted according to the manufacturer’s instructions. Previously frozen un-
inoculated reconstituted PIF samples with and without the antimicrobial treatments were 
allowed to equilibrate to room temperature prior to evaluation. Formula samples were 
subjectively evaluated by an 11-member trained taste panel in the Food Science 
Department, University of Kentucky. The panelists were consisted of 2 males and 9 
females, with the age range of 24-42, who are familiar with infant formula. Panelists were 
subjected to a brief training under fluorescent light, where they were presented with the 
regular infant formula as the standard. The characteristics of the standard formula were 
described. Oxidized, putrid, and off-colored formula samples were also introduced. The 
samples were dispensed into paper cups with random three digit codes and they were 
presented in a randomized complete block design. The sensory evaluation was done in 
individual cubicles for the intensity of aroma, overall liking of color, texture and overall 
acceptability (Appx Table A.6). Panelists were instructed to examine the reconstituted 
infant formula using a nine-point hedonic scale (9=strong [or like] extremely, 5=neither 
strong [or like] nor weak [or dislike], and 1=weak [or dislike] extremely). Water and 
unsalted crackers were provided to cleanse the palate during the evaluation. 
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4.3.9. Structural Analyses of C. sakazakii by Transmission Electron Microscopy 
After the application of bioactive compounds and HPP, reconstituted PIF inoculated with 
C. sakazakii was stored at 7°C for 24 h and then, formula samples were prepared for 
transmission electron microscopy (TEM) in the Electron Microscopy and Imaging Facility 
of University of Kentucky. Samples were prefixed in a 3.5% glutaraldehyde (Ted Pella, 
Redding, CA, USA) and 0.1 M phosphate buffer (pH 7.4) for 15 h at 4°C and afterwards 
centrifuged for 10 min at 10,000×g. For post-fixation, samples were suspended in 1% 
osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA, USA) for 2 h at 4°C. The 
samples were centrifuged again for 10 min at 10,000×g, and pellets were suspended in 0.1 
M phosphate buffer. The samples were dehydrated in the graded series of EtOH (50-100%), 
centrifuged again and suspended in propylene oxide (PO) (Ted Pella) at room temperature 
for 20 min.  The samples were centrifuged, PO was poured off and re-suspended in a 1:1 
mixture of PO and Eponate 12 resin (Ted Pella) with accelerator for overnight lids open 
under a lamp. After centrifugation, the resin was removed without disturbing the cells and 
the cells were poured on fresh resin with accelerator and left for 1 h with lids open under a 
lamp. The resin changed was repeated for three times and polymerized for 48 h at 60°C. 
The resin blocks were sectioned on a Reichert-Jung Ultracut E microtome (Reichert 
Ultracut S, Leica, Wetzlar, Germany) with a Diatome diamond knife (LKB, Sweeden). The 
sections were stained with uranyl acetate (Electron Microscopy Sciences) and lead citrate 
(Electron Microscopy Sciences) for 5 and 2 min, respectively.  The examination of the 
specimens was carried out using a Philips Tecnai Biotwin 12 transmission electron 
microscope (FEI, Netherlands). All chemicals used in the TEM processes are supplied from 
Fisher Scientific (Fair Lawn, NJ, USA) unless otherwise stated. 
4.3.10. Statistical Analysis 
Each experiment was replicated three times (two samples/replicate) with different batches 
of infant formula. All data were analyzed by analysis of variance using Statistical Analysis 
System (SAS 9.4, 2013) software (SAS Institute Inc., Cary, NC, USA). Least-square means 
were used along with the General Linear Model (GLM) and Tukey’s test in order to 
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determine the significant differences (P <0.05). All analyses were undertaken at the 95% 
confidence level. 
4.4. Results and Discussion 
The MIC values (in vitro) of TC, CH and their combination against a three-strain C. 
sakazakii mixture were determined as 500 ppm (0.05%) for all which were depicted in 
Table 4.1. The initial C. sakazakii population in reconstituted PIF was 7.5 log CFU ml-1. 
After application of the bioactive compounds and HP, reconstituted PIF was stored at 7 
and 23°C for 8 weeks and at 45°C for 5 weeks, respectively. The specific storage 
temperatures were chosen to mimic the storage temperatures of the advanced prepared 
liquid infant formula where, 7°C is the standard refrigeration, 23°C is the room temperature 
and 45°C resembles the exposure to excessive temperature during transportation or storage 
in warehouses. 
 
Table 4.1. MICs (ppm) of trans-cinnamaldehyde, chitosan and their combination against 
C. sakazakii. 
Bioactive compounds Source of the bioactive compounds MIC (ppm) 
Trans-cinnamaldehyde cinnamon bark (Cinnamomum cassia) 500 
Chitosan shrimp shells 500 
Combination cinnamon bark and  shrimp shells 500 
 
4.4.1. Inhibition and Inactivation of C. sakazakii in Reconstituted Powdered Infant 
Formula 
Figures 4.1-4.6 depict the antimicrobial efficacy of bioactive natural compounds and HPP 
in reconstituted PIF with 8 treatments including: T1 (control), T2 (TC, 0.05%), T3 (CH, 
1%), T4 (TC+CH), T5 (HP, 600 MPa for 5 min), T6 (HP+TC), T7 (HP+CH), and T8 
(HP+TC+CH). Survival of C. sakazakii was depicted in Fig 4.1 and 4.2 where, it was not 
only able to survive in reconstituted PIF control samples stored at 7°C, but its population 
was also increased up to 8.5 log CFU/ml-1. After 14 d, the population gradually decreased 
to 5.5-6.00 log CFU/ml-1 (at 56 d). However, according to Fang et al. (2012), C. sakazakii 
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did not grow when incubated at 6°C for 12 d with the initial count of 3.5 log CFU/ml-1. 
None of the un-inoculated formula samples revealed growth on the TPC plates which 
confirms the shelf stability of the infant formula stored at both refrigeration and high 
temperatures. Varying degrees of antimicrobial activity was observed with all applications, 
T3 being the least, and T5 and T8 being the most effective treatments. C. sakazakii growth 
was reduced by T2 (TC, 0.05%) up to 2.6 log CFU/ml-1 after 21 d of storage at 7°C, 
however C. sakazakii recovered and inhibition was reduced to 1.65 log CFU/ml-1 after 56 
d. Accordingly, higher concentration of TC (0.5%) inhibited C. sakazakii in infant formula 
to undetectable levels by 10 h of incubation at 4 and 10°C (Amalaradjou et al., 2009) which 
supports our results. While application of T3 (CH) only exhibited a 0.78 log CFU/ml-1 
reduction after 56 d, the combination of TC and CH (T4) inhibited C. sakazakii by 2.10 log 
CFU/ml-1.   
C. sakazakii was significantly inhibited (P <0.05) in the reconstituted PIF by 6.5-7.9 log 
CFU/ml-1 with no viable cells, immediately after 4 h of being exposed to HP (Fig 4.2). In 
order to assure the absence of the C. sakazakii cells EE (Mossel) was done and the samples 
with unviable cells were tested again (Table 4.2). C. sakazakii was undetectable 
(enrichment negative) in T6 while it was enrichment positive for the other HP treatments. 
However, after 1 d, C. sakazakii showed recovery and its population was increased up to 
4.8-6.1 log CFU/ml-1. Overall, the highest inhibition was observed after 2 d of storage with 
treatments T5, T6 and T7 by 8.1, 7.2 and 7.6 log CFU/ml-1, respectively (Fig 4.2). C. 
sakazakii was not viable in reconstituted PIF treated with T5 and T8 between the storage 
periods of 7-28 d. The aforementioned samples were tested positive for C. sakazakii after 
the enrichment, however, it was inhibited completely after 28 d by T8 and 56 d by other 
HP applications. The higher and faster inhibition rate of T8 might be attributed to the 
additive antimicrobial effect of TC, CH, and HP against C. sakazakii. The standard 
refrigerators usually have the temperature range of 5-8°C which still can support the growth 
of C. sakazakii according to the results of our study. Therefore, once reconstituted PIF 
should be consumed immediately in 4 h or kept refrigerated for maximum 24h at 4°C or 
below.  
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Figure 4.1. Population of C. sakazakii recovered from reconstituted PIF as affected by T1 
(control), T2, T3, T4 and stored at 7°C. Detection limit was 1 CFU/10 ml. Values less than 
1 log CFU ml-1 but more than 0 log CFU ml-1 indicate that C. sakazakii was detected in 
one or more replicate samples. Each point is the mean of two samples taken from three 
replicate experiments (n=2×3=6). Error bars denote SD. 
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Figure 4.2. Population of C. sakazakii recovered from reconstituted PIF as affected by T5, 
T6, T7, T8 and stored at 7°C. Detection limit was 1 CFU/10 ml. Values less than 1 log 
CFU ml-1 but more than 0 log CFU ml-1 indicate that C. sakazakii was detected in one or 
more replicate samples. Each point is the mean of two samples taken from three replicate 
experiments (n=2×3=6). Error bars denote SD. 
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Table 4.2. Recovery of C. sakazakii in high pressure processed reconstituted powdered 
infant formula stored at 7, 23 and 45°C up to 56 d. 
Treatments 
Storage 
temperature 
(°C) 
Number of positive samplesa 
Storage time (day) 
0.17 1 2 7 14 21 28 35 42 56 
T5 
7 1 2 2 2 2 2 1 NA 2 2 
23 NA 2 2 2 2 1 2 NA 2 1 
45 NA 2 2 1 1 0 0 0 0 0 
T6 
7 0 2 2 2 2 2 2 NA 2 2 
23 NA 2 2 2 2 2 2 NA 1 2 
45 NA 2 2 2 2 1 1 1 0 0 
T7 
7 1 2 2 2 2 2 1 NA 2 1 
23 NA 2 2 2 2 2 2 NA 1 0 
45 NA 2 2 1 0 0 1 0 0 0 
T8 
7 1 2 2 2 2 2 2 NA 0 0 
23 NA 2 2 2 2 2 2 NA 0 0 
45 NA 2 2 1 0 0 1 1 0 0 
T5: HP, T6: HP+TC, T7: HP+CH, T8: HP+TC+CH 
a Numbers indicate samples positive for C. sakazakii out of 2 tested (3 replicate 
experiments). The initial population was 7.5 log CFU ml-1 and the detection limit was 1 
CFU/10 ml. NA, Not available 
 
Figures 4.3 and 4.4 depict the survival of C. sakazakii in reconstituted PIF stored at 23°C, 
where its population was observed to increase up to 9.2 log CFU/ml-1 after 14 d of storage 
and then, decreased gradually to 5.2 log CFU/ml-1 at the end of the storage. The highest C. 
sakazakii growth was obtained when infant formula was stored at 23°C, which resembles 
the room temperature. Our findings are in good agreement with previous studies (Beuchat 
et al., 2009; Fang et al., 2012), where C. sakazakii in reconstituted PIF was found to 
increase its population up to 8 log CFU/ml-1 when incubated at 20-25°C for 45 h. In another 
study, survival kinetics of C. sakazakii in PIF were investigated, where it was found highly 
tolerant to desiccation at 22-35°C (Koseki et al., 2015). Since room temperature favors the 
bacterial growth most, exposure of the prepared PIF to room temperature should be kept 
minimum. If not consumed immediately, formula should be refrigerated promptly.  All 
treatments were observed to be effective against reducing C. sakazakii population with 
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varying antimicrobial activity. All non-HP treatments showed significant and similar 
antimicrobial activity (P <0.05) until day 28 up to 1.1 log CFU/ml-1 reduction. However, 
they were not very effective for the extended storage. At the end of the 56 d storage T3 and 
T4 exhibited the highest inhibition by 0.4 log CFU/ml-1. Our results are in good agreement 
with Amalaradjou et al. (2009) where C. sakazakii in infant formula was inhibited by 0.5% 
TC to undetectable levels by 4 h at 23°C. Findings of Amalaradjou and Venkitanarayanan 
(2011a) are also supportive of our results. Those investigations found that the antimicrobial 
activity of TC against C. sakazakii in reconstituted PIF on abiotic surfaces including, 
polystyrene plates, stainless steel coupons, feeding bottle coupons, and enteral feeding tube 
coupons, where C. sakazakii biofilms were inhibited at 12-24°C.  
HP treatments (T5-T8) exhibited highly significant reductions (P <0.05) in C. sakazakii 
counts, as depicted in Fig 4.4. After 24 h of infant formula being exposed to HP, C. 
sakazakii population was reduced by 7.4-7.7 log CFU/ml-1. C. sakazakii was not detected 
in most of the samples, however those samples were tested positive after enrichment (Table 
4.2) and the organism started recovering at day 2 in treatments T6-T8 and day 14 in T5. 
The combination of recovery and inhibition of C. sakazakii revealed a fluctuation in the 
growth curves (Fig 4.4) which may be due to the stressed and injured C. sakazakii cells 
struggling to survive. There was a sudden decrease in C. sakazakii population after 28 d 
with no recovery observed afterwards. Additionally, all HP treatments were able to reduce 
C. sakazakii to undetectable levels by 42 d. Higher and more rapid inactivation rates were 
observed in treatments T6, T7, and T8, possibly due to the additive antimicrobial effect of 
HP and the bioactive compounds. 
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Figure 4.3. Population of C. sakazakii recovered from reconstituted PIF as affected by T1 
(control), T2, T3, T4 and stored at 23°C. Detection limit was 1 CFU/10 ml. Values less 
than 1 log CFU ml-1 but more than 0 log CFU ml-1 indicate that C. sakazakii was detected 
in one or more replicate samples. Each point is the mean of two samples taken from three 
replicate experiments (n=2×3=6). Error bars denote SD. 
 
Figure 4.4. Population of C. sakazakii recovered from reconstituted PIF as affected by T5, 
T6, T7, T8 and stored at 23°C. Detection limit was 1 CFU/10 ml. Values less than 1 log 
CFU ml-1 but more than 0 log CFU ml-1 indicate that C. sakazakii was detected in one or 
more replicate samples. Each point is the mean of two samples taken from three replicate 
experiments (n=2×3=6). Error bars denote SD. 
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The recovery of C. sakazakii in reconstituted PIF stored at 45°C was shown in Fig 4.5 and 
Fig 4.6. C. sakazakii in control samples was able to survive and increase its numbers from 
7.5 to 8.7 log CFU/ml-1 after 24 h. However, its population decreased gradually over the 
extended storage and it was not detectable after day 21. Findings of Fang et al. (2012), who 
investigated the growth kinetics of C. sakazakii in reconstituted PIF, were similar to our 
study. They reported the survival and growth of C. sakazakii at 45-48°C after 24 h. Overall,  
non-HP treatments (T2-T4) revealed 0.4-0.7 log CFU/ml-1 reduction after 24 h, while a 
5.6-7.1 log CFU/ml-1 reduction was observed with HP treatments (T5-T8).  Ability to 
survive and increase its population at high temperatures are evidence that C. sakazakii is a 
safety concern in advanced prepared and temperature abused PIF. Findings of Hayes et al. 
(2009) support this result where C. sakazakii (ATCC 12868) in reconstituted PIF was 
inhibited by L. acidophilus DPC 6026 sodium caseinate fermentate (>3.33 %) from 6 to 0 
log CFU/ml-1 over 60 min at 37°C. Highest inhibition with non-HP treatments was 
observed at day 7, T3 being the most effective by 3.7 log CFU/ml-1 reduction followed by 
T2 and T4 with 2.2 and 2.5 log CFU/ml-1 reduction, respectively (Fig 4.5). C. sakazakii 
showed resistance after being treated with T3 and T4 after day 7 and a fluctuation was 
observed in their growth curves for the extended storage. This may be attributed to C. 
sakazakii being injured and therefore struggling for survival. C. sakazakii was inhibited to 
undetectable levels in HP processed infant formula samples T7 and T8 after 7 d and 14 d 
in T5 and T6, respectively. Faster inhibition rates for T7 and T8 are possibly due the 
additive antimicrobial effect of CH, TC, and HP. The highest inhibition with HP 
applications was 5.5 log CFU/ml-1 at 7 d and 2.7 log CFU/ml-1 at 14 d (Fig 4.6). 
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Figure 4.5. Population of C. sakazakii recovered from reconstituted PIF as affected by T1 
(control), T2, T3, T4 and stored at 45°C. Detection limit was 1 CFU/10 ml. Values less 
than 1 log CFU ml-1 but more than 0 log CFU ml-1 indicate that C. sakazakii was detected 
in one or more replicate samples. Each point is the mean of two samples taken from three 
replicate experiments (n=2×3=6). Error bars denote SD. 
  
Figure 4.6. Population of C. sakazakii recovered from reconstituted PIF as affected by T5, 
T6, T7, T8 and stored at 45°C. Detection limit was 1 CFU/10 ml. Values less than 1 log 
CFU ml-1 but more than 0 log CFU ml-1 indicate that C. sakazakii was detected in one or 
more replicate samples. Each point is the mean of two samples taken from three replicate 
experiments (n=2×3=6). Error bars denote SD. 
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Many reports have expressed concern about recovery of C. sakazakii in reconstituted infant 
formula (Iversen and Forsythe, 2003; Lee et al., 2007; Richards et al., 2005). Supporting 
the findings of the current study, previous studies reported C. sakazakii strains grew at 6-
45°C, and since the temperatures of many refrigerators range from 7 to 10°C, these 
conditions would allow C. sakazakii to grow (Lehner and Stephan, 2004). Iversen et al. 
(2004) reported that the doubling time of C. sakazakii was 13.6 h at 10°C. They assumed 
an average of 0.36 C. sakazakii cells/100 g PIF in a single feed of 18 g formula powder 
(reconstituted to 115 ml). The required time for the infectious dose (1,000 cells) in the 
reconstituted infant formula was found 7.9 d at 10°C (Iversen and Forsythe, 2003). 
However, there is no epidemiological evidence for a value of the infectious dose yet for 
human neonates (Iversen and Forsythe, 2003). For reducing the health risks in infant 
formula, effective measures needs to be taken to control C. sakazakii. The CDC 
recommends that reconstituted infant formula should be refrigerated and discarded after 24 
h of refrigeration, and prepared formula should not be stored at room temperature for more 
than 4 h (CDC, 2012).  The results of our study demonstrated that TC, CH and HPP exerted 
significant antimicrobial activity by remarkably eliminating C. sakazakii in infant formula 
both at refrigeration and high temperature within the storage temperatures recommended 
by the CDC. Therefore the compounds have a great potential of being utilized as promising 
applications in infant formula production to enhance the safety and shelf stability of infant 
formula.  
4.4.2. Changes in PH of Reconstituted Powdered Infant Formula  
The pH and water activity of the PIF reconstituted with DI water were 6.88 and 0.91, 
respectively. The changes in pH of reconstituted PIF after the incorporation of TC, CH and 
HPP were illustrated in Table 4.3-4.5. The addition of 0.05% TC and 1% CH did not result 
in any significant changes in the pH or water activity of reconstituted PIF. However 
exposure to HP caused a slight increase in pH values from 6.88 to 7.36 regardless of the 
storage temperature. The recommended pH in infant food is ≥ pH 5.00 (FDA, 2015b), 
which was accomplished in this study with all non-HP (T1-T4) treatments in infant formula 
samples stored at 7 and 45°C. Also all HP applications (T5-T8) were able to retain 
formula’s pH ≥ 5.00 at 7 and 23°C. 
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Table 4.3 depicts the pH changes in infant formula incorporated with TC (T2), CH (T3) 
and the combination of two (T4). T1 represents the control formula with no addition. In 
general, treatments T2 and T4 did not cause a significant change (P >0.05) in the pH of the 
infant formula stored at 7°C (P >0.05). However, T1 and T3 appeared to reduce the pH 
gradually to 5.6 at end of the 56 d storage period. This pH reduction over the prolonged 
storage specifically with T1 and T3 might be due to the deterioration of the formula as a 
result of microbial growth, and T3 not being effective of preserving the formula. Similarly, 
T3 also did not exert a significant inhibition in C. sakazakii at the 7°C storage.  However, 
T2 and T4 did not cause a significant pH change in the formula, and final pH values were 
recorded as 6.5 at the end of the storage. The HP applications (T5-T8) did not show any 
significant changes in pH values (P >0.05) (Table 4.3), which is the evidence for the 
efficacy of HP treatments for preserving the formula.  
When infant formula was stored at 23°C, a decrease in pH was observed with all non-HP 
treatments (Table 4.4). Overall, pH of formula samples was reduced to 4.9-5.2 after 56 d 
storage, which was significantly different from the initial pH 6.88 (P <0.05). The pH drop 
in formula exposed to higher temperature might be attributed to the major microbial growth 
and metabolic activity (Abushelaibi et al., 2003b; Richards et al., 2005). HP application 
was appeared to retain pH levels stable specifically with T6 and T8 (Table 4.4). Overall, 
the lowest pH 5.1 was observed in T4 after 56 d, which is still in the acceptable pH range 
(≥ pH 5.00) required by the FDA (FDA, 2015b). 
Changes in pH values of formula stored at 45°C with non-HP and HP applications are 
depicted in Table 4.5. The pH reduction ≥ 5.00 was only observed in formula T5 and T6 
after 28 and 35 d, respectively. Significant reduction in pH values (P <0.05) were observed 
in formula after 1 d with non-HP and after d 2 with HP treated samples. In general, as the 
storage temperature was increased, the pH reduction time was decreased. Significant 
decreases (P <0.05) in pH occurred within 1-2 d in formula stored at 23 and 45°C. The pH 
being steady at HP applied formula can be used as the confirmation of the remarkable 
preserving effect of HPP. Additionally, a significant pH decrease in high temperatures (23 
and 45°C) and stable pH values at 7°C may be attributed to the safety of refrigeration 
temperature for reconstituted infant formula (Abushelaibi et al., 2003a).  
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The application of T2, T4 and all HP treatments prevented the pH decrease in formula at 
7°C, which accounts for preservation and shelf-life stability. Findings of this study where 
the pH of the formula decreased significantly when stored at room temperature (23°C) or 
higher are in good agreement with those on C. sakazakii (Richards et al., 2005), B. cereus 
(Jaquette and Beuchat, 1998), L. monocytogenes (Abushelaibi et al., 2003a), and E. coli 
O157:H7 (Deng et al., 1998). These indicate the substantial growth and metabolic activities 
of the pathogens as well as other microorganisms initially present in formula were occurred 
in the temperature abused formula. 
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Table 4.3. Changes in pH of reconstituted infant formula during storage at 7°C up to 56 hours. 
Storage 
Time 
(Day) 
PH at 7°C 
Treatments 
T1 T2 T3 T4 T5 T6 T7 T8 
0 6.89 ± 0.03 A 6.86 ± 0.01 A 6.87 ± 0.02 A 6.91 ± 0.04 A 6.89 ± 0.03 A 6.86 ± 0.01 A 6.87 ± 0.02 A 6.89 ± 0.03 A 
0.17 6.84 ± 0.07 A 6.95 ± 0.08 A 6.9 ± 0.07 A 6.95 ± 0.13 A 7.36 ± 0.11 A 7.42 ± 0.17 A 7.47 ± 0.17 A 7.41 ± 0.09 A 
1 6.52 ± 0.08 A 6.84 ± 0.09 B 6.62 ± 0.11 A 6.95 ± 0.12 B 7.28 ± 0.11 A 7.32 ± 0.16 A 7.31 ± 0.13 A 7.24 ± 0.19 A 
2 6.22 ± 0.1 A 6.86 ± 0.04 B 6.26 ± 0.21 A 6.91 ± 0.15 B 7.32 ± 0.09 A 7.41 ± 0.07 A 7.36 ± 0.12 A 7.45 ± 0.14 A 
7 5.9 ± 0.03 A 6.82 ± 0.07 B 5.99 ± 0.21 A 6.71 ± 0.12 B 7.29 ± 0.09 A 7.35 ± 0.09 A 7.35 ± 0.06 A 7.36 ± 0.14 A 
14 5.93 ± 0.04 A 6.72 ± 0.06 B 5.93 ± 0.08 A 6.66 ± 0.11 B 7.17 ± 0.13 A 7.23 ± 0.15 A 7.23 ± 0.11 A 7.2 ± 0.15 A 
21 5.85 ± 0.04 A 6.63 ± 0.05 B 5.9 ± 0.18 A 6.55 ± 0.1 B 7.18 ± 0.1 A 7.25 ± 0.03 A 7.26 ± 0.07 A 7.27 ± 0.1 A 
28 5.73 ± 0.15 A 6.58 ± 0.09 B 5.81 ± 0.06 A 6.56 ± 0.18 B 7.16 ± 0.16 A 7.31 ± 0.03 A 7.21 ± 0.06 A 7.3 ± 0.05 A 
42 5.7 ± 0.13 A 6.55 ± 0.09 B 5.6 ± 0.16 A 6.47 ± 0.24 B 7.14 ± 0.06 A 7.25 ± 0.09 A 7.2 ± 0.08 A 7.22 ± 0.05 A 
56 5.68 ± 0.14 A 6.52 ± 0.13 B 5.65 ± 0.14 A 6.48 ± 0.2 B 6.98 ± 0.38 A 7.22 ± 0.01 A 7.2 ± 0.03 A 7.12 ± 0.05 A 
A-B Between treatments within the same day, means that do not share a common letter differ significantly (P <0.05). 
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Table 4.4. Changes in pH of reconstituted infant formula during storage at 23°C up to 56 hours. 
Storage 
Time 
(Day) 
PH at 23°C 
Treatments 
T1 T2 T3 T4 T5 T6 T7 T8 
0 6.88 ± 0.03 A 6.86 ± 0.01 A 6.87 ± 0.02 A 6.89 ± 0.04 A 6.88 ± 0.03 A 6.86 ± 0.01 A 6.87 ± 0.02 A 6.88 ± 0.03 A 
1 5.76 ± 0.06 A 5.87 ± 0.05 A 5.82 ± 0.13 A 5.87 ± 0.07 A 7.24 ± 0.04 A 7.28 ± 0.11 A 7.31 ± 0.03 A 7.26 ± 0.05 A 
2 5.81 ± 0.3 A 5.76 ± 0.17 A 5.75 ± 0.14 A 5.88 ± 0.25 A 6.69 ± 0.67 A 7.23 ± 0.15 B 6.85 ± 0.68 A 7.28 ± 0.07 B 
7 5.46 ± 0.13 A 5.49 ± 0.05 A 5.4 ± 0.1 A 5.55 ± 0.06 A 6.6 ± 0.77 A 6.87 ± 1 B 6.9 ± 0.96 B 6.82 ± 0.93 AB 
14 5.11 ± 0.37 B 5.31 ± 0.34 A 5.16 ± 0.2 B 5.4 ± 0.04 A 6.59 ± 0.71 A 6.64 ± 0.81 A 6.54 ± 0.97 A 6.61 ± 0.77 A 
21 5.09 ± 0.06 AB 5.23 ± 0.08 A 4.79 ± 0.69 B 5.26 ± 0.06 A 6.4 ± 0.79 AB 6.55 ± 0.83 B 6.25 ± 1.02 A 6.27 ± 0.95 A 
28 5.01 ± 0.06 AB 5.14 ± 0.06 B 4.99 ± 0.02 A 5.19 ± 0.05 B 6.47 ± 0.91 A 6.34 ± 0.85 AB 6.12 ± 1.04 B 6.56 ± 0.83 A 
42 4.93 ± 0.11 A 5.1 ± 0.12 AB 4.95 ± 0.12 A 5.18 ± 0.04 B 6.15 ± 0.83 A 6.35 ± 0.77 B 6.17 ± 0.9 A 6.42 ± 0.87 B 
56 4.9 ± 0.08 A 5.18 ± 0.15 AB 4.96 ± 0.15 A 5.09 ± 0.13 A 6.31 ± 0.89 A 6.51 ± 0.74 B 6.49 ± 0.7 B 6.52 ± 0.75 B 
A-B Between treatments within the same day, means that do not share a common letter differ significantly (P <0.05). 
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Table 4.5. Changes in pH of reconstituted infant formula during storage at 45°C up to 35 hours. 
Storage 
Time 
(Day) 
PH at 45°C 
Treatments 
T1 T2 T3 T4 T5 T6 T7 T8 
0 6.88 ± 0.03 A 6.86 ± 0.01 A 6.87 ± 0.02 A 6.89 ± 0.04 A 6.88 ± 0.03 A 6.86 ± 0.01 A 6.87 ± 0.02 A 6.88 ± 0.03 A 
1 5.24 ± 0.08 A 5.41 ± 0.05 A 5.28 ± 0.09 A 5.54 ± 0.16 A 7.03 ± 0.03 A 7.17 ± 0.05 A 7.2 ± 0.05 A 7.21 ± 0.02 A 
2 5.23 ± 0.25 A 5.41 ± 0.31 A 5.22 ± 0.19 A 5.68 ± 0.4 AB 5.78 ± 0.39 B 6.81 ± 0.34 A 6.45 ± 1.1 A 7.06 ± 0.2 A 
7 5.08 ± 0.07 A 5.29 ± 0.2 A 5.09 ± 0.05 A 5.45 ± 0.1 A 5.19 ± 0.28 A 5.74 ± 1.01 AB 5.52 ± 1.21 A 5.65 ± 1.3 A 
14 5.1 ± 0.02 A 5.33 ± 0.21 A 5.15 ± 0.09 A 5.37 ± 0.26 A 5.6 ± 0.94 AB 5.72 ± 0.81 A 5.4 ± 1.12 AB 5.62 ± 0.98 A 
21 5.04 ± 0.05 A 5.76 ± 0.77 AB 5.55 ± 0.71 A 5.38 ± 0.36 A 5.41 ± 0.99 A 5.5 ± 0.94 A 5.51 ± 1.03 A 5.6 ± 1.13 A 
28 5.08 ± 0.06 A 5.21 ± 0.08 A 5.17 ± 0.23 A 5.41 ± 0.42 A 4.92 ± 0.2 A 5.1 ± 0.32 A 5.04 ± 0.38 A 5.01 ± 0.34 A 
35 5.02 ± 0.06 A 5.12 ± 0.14 A 5.0 ± 0.15 A 5.44 ± 0.04 A 4.84 ± 0.22 A 4.92 ± 0.09 A 5.05 ± 0.34 A 5.0 ± 0.27 A 
A-B Between treatments within the same day, means that do not share a common letter differ significantly (P <0.05). 
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4.4.3. Emulsion Stability and Protein Oxidation of Reconstituted Infant Formula 
Liquid infant formula is an emulsion of oil droplets dispersed in an aqueous phase (oil in 
water emulsion). Emulsion stability is the ability of an emulsion to resist changes in its 
physicochemical properties over time (McClements et al., 2007), which determines the 
shelf-life and processing of food emulsions. Food emulsions may become unstable due to 
a variety of different physicochemical mechanisms (Friberg, 2005; McClements, 2005), 
including gravitational separation (creaming/sedimentation), flocculation, coalescence, 
partial coalescence, Ostwald ripening and phase inversion. Figures 4.7 and 4.8 show the 
creaming index of RPIF stored at 7 and 23°C, respectively. There was no correlation 
between the creaming index amount and storage time or treatments. Formula with non-HP 
applications could not retain their emulsion stability when stored at 23°C (Figure 4.9 B) 
and 45°C (Figure 4.9 C) over time. Aggregation and separation were observed in these 
formula samples with non-HP, which might be due to the protein denaturation at high 
temperature storage (McSweeney et al., 2004; Sun and Gunasekaran, 2009). Gravitational 
separation occurred over the prolonged storage, where fat droplets moved upward 
(creaming) because of their lower density than the milk serum (Figure 4.10).  The droplets 
in the creamed emulsion were re-dispersed by mild agitation (e.g., stirring or shaking), 
providing that they were not too strongly attracted to each other and that coalescence has 
not occurred (McClements, 2007).  
Extended storage of formula at 45°C caused browning (Figure 4.9 C). Color change 
(browning) in RPIF might be attributed to the maillard reactions which usually take place 
during food processing and storage (Shimamura and Ukeda, 2012). Exposure of formula 
to high temperatures (45°C), triggers lactose and milk protein reactions which generate 
browning compounds (melanoidins). Interestingly, HP and CH combination preserved the 
color of RPIF and it was the only treatment without color alteration. These results suggest 
that the additive preservative effects of HP and CH prevented the browning in formula.    
Protein oxidative status was assessed by measuring the carbonyl formation in RPIF. The 
elevated carbonyl levels were in good agreement with previous findings, where higher 
carbonyl values have been reported for PIF than regular whole milk (Scheidegger et al., 
2013). In raw and thermal treated milk, protein-bound carbonyl content correlates 
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positively with the intensity of the heat treatment (Scaloni et al., 2002), so higher levels of 
carbonyls in PIF could indicate stronger thermal conditions for PIF processing compared 
to those used for milk powders (Scheidegger et al., 2010). The lack of relationship between 
the treatments and carbonyl levels indicates that treatments do not contribute to protein 
oxidation. The fluctuations and variations in the carbonyl levels, regardless of the storage 
temperature, are possibly due to the formation of strong and tight covalent bonds in formula 
over the extended storage time (Fenaille et al., 2006). Therefore, Guanidine reagent was 
not able to dissolve these tightly formed bonds and the carbonyls were not highly 
detectable. Denaturation of the proteins over the extended storage might be another 
possible reason for the decreasing levels of carbonyls at 28 d. These findings differ from 
previous studies which reported higher carbonyl content when milk and milk powders were 
exposed to high temperatures and stored for long periods (Scaloni et al., 2002; Scheidegger 
et al., 2013). 
 
 
Figure 4.7. Emulsion stability status of reconstituted powdered infant formula stored at 
7°C measured by creaming index (%). Error bars denote SD. 
(days) 
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Figure   4.8. Emulsion stability status of reconstituted powdered infant formula stored at 
23°C measured by creaming index (%). Error bars denote SD. 
(days) 
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Figure 4.9. Reconstituted infant formula stored at 7, 23, and 45°C for 7 days. 
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Figure 4.10. Gravitational separation (creaming/sedimentation) in reconstituted powdered 
infant formula. 
 
      
Figure 4.11. Protein oxidation status of reconstituted powdered infant formula stored at 
7°C. Different uppercase letters (A,B) indicate significant difference (P <0.05) of means 
(n = 6) between treatments within the same storage time. Error bars denote SD. 
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Figure 4.12. Protein oxidation status of reconstituted powdered infant formula stored at 
23°C Different uppercase letters (A,B) indicate significant difference (P <0.05) of means 
(n = 6) between treatments within the same storage time. Error bars denote SD. 
 
4.4.4. Changes of Sensorial Characteristics in Reconstituted Infant Formula as 
Affected by the Application of Trans-cinnamaldehyde, Chitosan, and HP  
Table 4.6 and 4.7 show the mean ratings for color, texture, aroma, and overall acceptability 
attributes of reconstituted PIF as affected by the addition of TC, CH, and HP application. 
For both color and texture attributes, there were no significant differences between the 
control and the other formula samples (P >0.05) regardless of storage temperature. The 
application of HP and TC and CH did not result in any significant changes in aroma (P 
>0.05); over the long term storage (after 7 d) at 7°C, however, aroma intensity ratings 
decreased. For formula stored at 23°C, HP applied samples exhibited higher aroma ratings 
than the control and non-HP treated formula (T1-T4). The flavor of the product did not 
change owing to the preservation effect of HPP. TC appeared to exert a cinnamon-like taste 
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and smell, which did not cause a significant difference (P >0.05) in the overall acceptability 
or any other sensory attributes of the product. The overall acceptability ratings of the HP 
applied formula (T5-T8) stored at 23°C were significantly higher (P <0.05) than the others, 
whereas the ratings of non-HP treated samples showed a decrease over the extended storage 
time starting at 7 d. According to a recent sensory report on antimicrobial activity of 
combined plant extracts in infant rice cereal, the ratings of overall appearance of the cereal 
with plant extracts were lower than those of the control (Jun et al., 2013). The same study 
also reported significant differences in color and aroma among the control and samples 
with C. pumila (8 mg/ml) and D. erytrosora (1.0 mg/ml) extracts, while no differences 
were observed for the ratings for overall acceptance of the cereal containing the 
aforementioned plant extracts. While reconstituted PIF would appear from these 
observations to be suitable for supplementing with TC and CH as well as HP application, 
it should be noted that ratings were assigned by adults rather than infants or young children 
whose judgements concerning color, aroma, texture, and overall acceptance of the tested 
products may be quite different. 
 
 
 
101 
Table 4.6. Sensory attribute scores of reconstituted infant formula stored at 7°C for 28 d. 
 
Hedonic scale: 9=strong [or like] extremely, 5=neither strong [or like] nor weak [or dislike], and 1=weak [or dislike] extremely. 
Between treatments within the same day, means that do not share a common letter differ significantly (P <0.05). 
 
Table 4.7. Sensory attribute scores of reconstituted infant formula stored at 23°C for 28 d. 
 
Hedonic scale: 9=strong [or like] extremely, 5=neither strong [or like] nor weak [or dislike], and 1=weak [or dislike] extremely. 
Between treatments within the same day, means that do not share a common letter differ significantly (P <0.05) 
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4.4.5. Structural Changes in C. sakazakii as Affected by the Application of Trans-
cinnamaldehyde, Chitosan, and HP 
TEM was used in order to investigate the internal structures of C. sakazakii cells after being 
treated with TC, CH, and HPP. Figure 4.13 (A-D) illustrates the morphological alterations 
in C. sakazakii cells with treatments T1, T2, T5, and T8. It is clearly visible that all HP 
(T5), TC (T2), and combination of HP, TC and CH (T8) exhibited remarkable alterations 
in cell morphology when compared to the control cells (T1). The cell wall of Gram-
negative C. sakazakii is composed of an organized triple membrane containing a thin layer 
of peptidoglycan between an outer-membrane. It is evident from Fig 4.13 A1-3 that the 
untreated (control) C. sakazakii cells demonstrated a very distinct cell wall with intact 
periplasmic space. The cell contents including DNA, ribosomes, and cytoplasm were very 
intact and well-defined. TC (0.05%), however, revealed damage and disorganization in the 
C. sakazakii cell wall followed by a cell turnover and alteration in the periplasmic space, 
which can be attributed to the surface stress and contraction. In Fig 4.13 B1, the binding 
and penetration of TC into the C. sakazakii cells not only caused deformations and 
indentations in the cell surface but also initiated the separation of the Gram-negative rods 
into small grape-like clusters. Exposure to HP revealed very similar alterations with TC, 
where C. sakazakii cells were split into small clusters with wrinkled and serrated cell walls 
(Fig 4.13 C1). The increase in roughness could be associated with the contraction and 
perforation of the cell wall with release of significant intracellular components (Fig 4.13 
B2, B3 and C3). Projections of the cell wall and release of membrane vesicles were also 
observed in Fig 4.13 B1-3. 
The combination of HP, TC, and CH appeared to cause the highest stress and damage in 
the cells by means of small clustered cells, wrinkled and serrated cell walls with leaking 
intracellular material (Fig 4.13 D1-3). A lot of adhered material on the surface of the cell 
in Fig 4.13 D3 was the result of the membrane vesicles and intracellular content 
attachment, which leaked from the other cells. The findings of our study are supported by 
previous studies which also found structural deformations in both Gram-positive and 
Gram-negative bacteria as a result of antimicrobial agents (Huang et al., 2008; Yang et al., 
2012). The observed antimicrobial effect is the sum of the individual inhibitory and in some 
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cases synergistic effects of TC, CH, and HPP. Similar disruptions with release of 
intracellular material was also observed in S. aureus cells treated with polysaccharide-
metal complexes which might be due to C. sakazakii cells losing their cytoplasm (empty 
and flaccid cells) (J. Díaz-Visurraga, 2010). Ghost-like cells were observed for C. sakazakii 
treated with TC. It is evident in Fig 4.13 C2 and C3 that the cells are depleted and empty 
intact cell envelope structures lacking cytoplasmic content including genetic material. The 
distortion of the physical structure of the cell could cause the expansion and destabilization 
of the membrane and increase membrane fluidity (Reineke, Ellinger, et al., 2013), which 
in turn increases the passive permeability and manifests itself as a leakage of various vital 
intracellular constituents, such as ions, ATP, nucleic acids, sugars, enzymes, and amino 
acids (Beveridge, 2006).  
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Figure 4.13. Transmission electron microscopy observations of C. sakazakii in 
reconstituted infant formula with treatments T1, control (A1-3); T2, 0.05% trans-
cinnamaldehyde (B1-3); T5, 600 MPa HPP for 5 min (C1-3) and T8, 0.05% trans-
cinnamaldehyde + 1% chitosan + 600 MPa HPP for 5 min (D1-3). 
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A2 B2 C2 D2 
A3 B3 C3 D3 
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4.5. Conclusion 
The results of this study indicate that TC, CH, HPP, and their combinations can exert 
inhibitory activity against C. sakazakii in reconstituted infant formula. C. sakazakii 
increased its population up to 8.5 log CFU ml-1 at 7°C and 9.2 log CFU ml-1 at 23°C after 
14 d. When formula was stored at 45°C, C. sakazakii population reached up to 8.7 log CFU 
ml-1 after 24 h. Evidently, the highest growth was obtained when the infant formula was 
stored at 23°C, which mimics the room temperature. 
Highest inhibition with TC was achieved at 7°C by 2.6 log CFU ml-1 after 21 d, while the 
combination of TC and CH resulted in 2.1 log CFU ml-1 reduction after 56 d. Therefore, 
the incorporation of TC and CH in infant formula would be a feasible way of protecting 
infants from C. sakazakii infections transmitted through contaminated formula. 
Application of 600 MPa HP for 5 min remarkably inactivated C. sakazakii in the 
reconstituted PIF by 7.3 log CFU ml-1 after 4 h. The highest antimicrobial activity was 
observed with treatments T5, T6, and T7 up to 8.1 log CFU ml-1 at 2 d. All HP treatments 
inhibited C. sakazakii to undetectable levels after 28 d at 7°C. HP treatments caused injury 
to some C. sakazakii cells, where they were recovered and became viable after EE (Mossel) 
Enrichment in formula stored at 23°C after 2 d in T6-T8 and 14 d in T5. At the end of 42 
d all HP treatments were successful in reducing C. sakazakii at 23°C to undetectable levels 
by 42 d. When formula was stored at 45°C, the highest inhibition was achieved with HP 
applications by 5.5 log CFU ml-1 reduction at 7 d. C. sakazakii was completely inactivated 
by T7 and T8 after 7 d, and by T5 and T6 after 14 d. Overall, T8 showed the highest and 
fastest inhibition rates, which might be attributed to the additive antimicrobial effect of TC, 
CH, and HP. Non-HP applications did not demonstrate continuous high antimicrobial 
activity for the prolonged storage. 
TEM observations supported the antimicrobial activity as a result of HP and bioactive 
compound applications. Significant deformations in the cell wall and interior of C. 
sakazakii cells were observed along with the release of intracellular content including 
cytoplasm, DNA, and ribosomes. Sensorial changes in the reconstituted PIF were not 
significant from the control samples, which supports the feasibility of HP and bioactive 
compound applications in infant formula. Room temperature was found to favor the C. 
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sakazakii growth most; exposure of reconstituted PIF to room temperature or above, 
therefore, should be kept at a minimum. If not consumed immediately, prepared formula 
should be promptly refrigerated.    
The antimicrobial findings suggest that TC and CH could be incorporated in infant formula 
as a natural preservative to replace synthetic ones. Additionally, HPP could be a natural 
and safe processing alternative to thermal processes in order to preserve the key nutrients 
in infant formula including proteins, vitamins and minerals. Further research is also needed 
on the effect of bioactive compounds on the endogenous microflora in infants concurrent 
with the potential toxicity of these bioactive compounds to infants. 
 
 
 
 
 
  
107 
 
CHAPTER 5. SURVIVAL OF B. CEREUS SPORES IN INFANT 
FORMULA AS AFFECTED BY TRANS-CINNAMALDEHYDE AND 
HIGH PRESSURE  
5.1. Summary 
During production of spray-dried infant formulas, spores of Bacillus cereus are inactivated 
by heat treatments in order to assure the safety of the product. Spores, however, tend to 
show increased heat resistance in concentrated (dry) products. When spores are present in 
powdered infant formula, mishandling of the reconstituted products can lead to 
proliferation and toxin formation and pose a threat to infants’ health and safety. The 
objective of this study was to investigate the combination effect of trans-cinnamaldehyde 
(TC) and high pressure (HP) treatment on reduction of B. cereus spores in reconstituted 
infant formula. Reconstituted infant formula was inoculated with spores of five B. cereus 
strains (ATCC 14579, ATCC 33018, ATCC 12826, ATCC 4342, and Difco Spores) to 
obtain 107-108 log CFU ml-1. HP processing at 600 MPa for 5 min and TC (0.1 %) were 
applied to infant formula either alone or in combinations. Treatments were T1 (control), 
T2 (HP), T3 (TC), and T4 (HP+TC). All the samples were stored at 7 and 23°C for 4 and 
6 weeks, respectively. Microbiological analyses, pH and emulsion stability of each sample 
were determined at each sampling time (0, 1, 2, 7, 14, 21, 28, 35, and 42 d). Internal 
structural alterations in B. cereus vegetative cells and spores were investigated by 
transmission electron microscopy. Higher inactivation rates were observed at 23°C storage, 
where the highest inactivation was achieved with HP alone and the combination of HP and 
TC by 2.1 log reduction. The inactivation effect of T3 was also significant (P <0.05) with 
a 1.6 log reduction. When reconstituted infant formula was stored at 7°C, B. cereus spores 
in formula were reduced by the combination of HP and TC by 2.4 log cycles immediately 
after 24 h of storage. The highest inactivation rates were observed at 14 d storage by 1.64, 
1.62, and 3.1 log cycles with T2, T3, and T4, respectively. In general, the inactivation effect 
of the combination of TC and HP was higher than the other treatments which is evident for 
the synergistic antimicrobial effect of TC and HP against B. cereus spores in formula. A 
gradual decrease (P <0.05) in pH was observed in untreated formula samples and TC 
treated samples stored at 23°C, while there was no significant pH changes at 7°C. This 
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might be due to the preservative ability of refrigeration temperature, which also accounts 
for the shelf-life stability of reconstituted infant formula. Remarkable deformation and 
damage was observed in internal structures of both B. cereus vegetative cells and spores 
after the application of HP and TC. 
In summary, the antimicrobial findings suggest that TC and HP could be incorporated in 
infant formula as a natural preservative to replace the synthetic preservatives and/or 
enhance the microbiological safety. Additionally, HP processing could be a safe and 
effective alternative to thermal applications for the purpose of preserving key nutrients in 
infant foods like proteins, vitamins, and minerals. 
5.2. Introduction 
Infant formulas are food products designed to provide nutrition for infants under 12 months 
old. They include powders, concentrated liquids, or ready-to-use forms. Powdered infant 
formula (PIF) constitutes the majority of infant formula fed to infants worldwide 
(Amalaradjou et al., 2009). It is not a sterile product, however, and may easily be 
contaminated with several pathogenic microorganisms (Soler et al., 2012). In addition, 
infants and young children do not have a well-developed immune system and therefore are 
more vulnerable to foodborne infections. Thus, the microbiological safety of the infant and 
follow-up formula is very critical. To assure the microbiological safety of infant formula, 
several microbiological criteria were set by the Codex Alimentarius Commission (CAC, 
1979). The specific microorganisms commonly tested include Staphylococcus aureus, 
Bacillus cereus, Salmonella spp., Cronobacter sakazakii, and other Enterobacteriaceae 
(Amalaradjou et al., 2009). 
Dried milk products including PIF were observed to be frequently contaminated with B. 
cereus, especially with its spores (Reyes et al., 2007; Shaheen et al., 2006; Stoeckel et al., 
2013). B. cereus is a large, rod-shaped, Gram-positive, facultative aerobic, and endospore-
forming bacterium with an optimum growth temperature of 28 to 35°C, which can survive 
between 4-48°C (Daryaei et al., 2013). B. cereus is recognized as a leading cause of 
bacterial food poisoning in several countries (Park et al., 2013), with a variety of associated 
proteinaceaous and starchy foods including rice, milk, meats, dairy products, dried weaning 
foods, sauces and desserts (Van Opstal et al., 2004). Sources of B. cereus spores in milk 
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products include the raw milk (via the soil at the farm) and the dairy plant equipment as 
the spores are able to attach to the equipment walls, where they can germinate and form 
biofilms that are not easy to eliminate (Christiansson, 2011). When spores are present in 
PIF, mishandling of the reconstituted PIF (RPIF) in households or daycare facilities can 
lead to proliferation and toxin formation of both emetic and diarrheal type strains which 
pose a threat to infants’ health and safety. The organism is associated with two types of 
foodborne gastrointestinal disorders: the emetic syndrome (emesis) and the diarrheal 
syndrome. These foodborne diseases can be distinguished by their distinct type of toxins 
(Daryaei et al., 2013) where heat-stable depsi-peptide toxin (cereulide) is responsible for 
emesis and heat-labile enterotoxin elicits the diarrheal disorder (Van Opstal et al., 2004). 
In general, both types of foodborne diseases are relatively mild and self-limiting 
(Christiansson, 2011). Nevertheless, foodborne diseases caused by B. cereus can be very 
severe for infants and children whose undeveloped immune systems are very vulnerable 
(Fricker et al., 2007). 
PIF is one of the high risk branches of the food industry and it is not only necessary but 
critical to inactivate the bacterial spores during processing of the product to assure food 
safety. Although B. cereus spores have a moderately low heat resistance, they are still able 
to survive thermal processes employed in food processing such as pasteurization 
(Christiansson, 2011). Stadhouders et al. (1982) stated that 10-20 sec at 125°C is required 
for inactivating all B. cereus spores in milk. Dairy-based PIF are produced by the main 
processing steps: heating at 88-95°C for 15-30 sec, concentration via evaporation, and 
drying. Before spray-drying, the infant formula is concentrated to 45-50% dry matter 
(Becker et al., 1994; Schuck, 2011).  Heating the product after the concentration step prior 
to the drying process, such as in the ultra-high-temperature (UHT) process, is an 
improvement in product and process safety as pathogenic bacteria might proliferate in the 
production plant (Stadhouders et al., 1982). During the production of spray-dried infant 
formulas, spores of B. cereus have to be inactivated in order to assure the safety of the 
product. The heating step, which aims at the inactivation of bacterial spores, can be 
conducted either before the concentration of the product or afterwards.  Spores, however, 
tend to show increased heat resistance in concentrated products and also recontamination 
might occur during evaporation due to the vacuum conditions (Stoeckel et al., 2013).  
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Reconstituted PIF is nutritious and can support bacterial growth when given favorable 
conditions of water availability, time and temperature. Therefore, once reconstituted the 
only remaining barriers to generate bacterial growth and risk of infection are time and 
temperature. When present, bacteria can multiply during preparation, cooling, storage and 
holding of the feeding bottles (Hayes et al., 2009; Huertas et al., 2015; Strydom et al., 
2012). According to the FDA (FDA, 2014), the RPIF should not be kept for more than 2 h 
at room temperature and 24 h at refrigeration temperature. Unfinished infant formula 
should be discarded instead of putting back in the refrigerator. RPIF with a limited 
refrigerated shelf-life is prone to B. cereus food poisoning since B. cereus spores have 
decimal reduction times (D-value) ranging from 2.2-5.4 min at 100°C to above 80 min at 
80°C (Daryaei et al., 2013). While a dormant spore itself causes no hazard in the food 
during storage, spore germination, outgrowth and subsequent growth can cause undesirable 
deterioration in food and serious foodborne diseases. B. cereus spores can not only survive 
pasteurization but some vegetative strains can also grow at low temperatures of 4-5°C 
(Islam et al., 2006; Lopez-Pedemonte et al., 2003). Thermal retording is the process usually 
employed for the preservation of low-acid foods, which involves temperatures above 
115°C or several min to inactivate all bacterial spores (Reineke, Ellinger, et al., 2013). This 
high input of thermal energy, however, causes an undesirable over-processing of the food 
as well as significant nutrient losses. Therefore, alternative processing technologies are 
being explored such as high pressure processing (HPP) (Gao and Jiang, 2005), superheated 
steam (Head et al., 2008), sanitizers and antimicrobials (Setlow et al., 2002) to meet 
consumer demand for high quality foods with a high nutritional value. Most of them have 
certain drawbacks as they do not efficiently inactivate bacterial spores, and/or they are not 
safe to be incorporated in baby food. Superheated steam may damage the nutritive value, 
color, and taste (Head et al., 2008), while sanitizers and synthetic antimicrobials are not 
suitable due to their residual toxicity (Park et al., 2013). One of the most promising 
technologies in this regard is the application of high hydrostatic pressure for pasteurization 
and sterilization (Reineke, Ellinger, et al., 2013).  
Bacterial spores are highly resistant not only to heat but also to pressure; a pressure of 
>1,000 MPa is required for inactivation at ambient temperature (Furukawa et al., 2003). 
However, technical and economic constraints limit the pressure that can be reasonably used 
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for food applications, which is about 600 MPa. At this pressure, direct spore inactivation 
is possible only at process temperatures of 80-110°C (Lee et al., 2002; Van Opstal et al., 
2004). McClements et al. (2001) treated two B. cereus strains in milk at 400 MPa, and 
found no inactivation at 8°C, and 0.5 log reduction at 30°C. Shearer et al. (Shearer et al., 
2000) reported a 4 log inactivation of B. cereus spores after a 10 min treatment at 392 
MPa/45°C. The maximum recommended high pressure (HP) treatment exposure to foods 
is ≤ 5 min at 600 MPa in order to maintain product quality and integrity (Avure, 2015). 
The combination of HP treatment with natural antimicrobial compounds has been explored 
as a strategy to enhance microbial inactivation, and several studies have reported 
synergistic effects. While most of these studies have been conducted with vegetative 
bacterial cells, synergistic effects have also been observed with spores. Nisin enhanced HP 
inactivation of spores from Alicyclobacillus acidoterrestris, B. subtilis, B. cereus, B. 
amyloliquefaciens, and Clostridium sporogenes, while for some bacteria, no enhancement 
of spore inactivation was seen (Black et al., 2008; Hofstetter et al., 2013; Sokołowska et 
al., 2015). The effect of reutericyclin was reported species dependent, with an enhanced 
inactivation in Clostridium beijerinckii, but reduced inactivation in C. sporogenes 
(Hofstetter et al., 2013). A group of natural antimicrobials composed of essential oils from 
herbs and spices has received growing attention because of their ability to control spoilage 
bacteria, inhibit foodborne pathogens and extend shelf-life (Cetin-Karaca and Newman, 
2015a). Carvacrol suppressed HP high temperature inactivation of B. cereus spores by 5 
log reduction at 100°C (Smith-Palmer et al., 1998). Together, these in vitro results suggest 
that natural plant compounds and HP applications have some potential for reducing the 
viability of B. cereus spores in foods. More work, however, is needed to identify the most 
efficient process conditions, particularly in food applications.  
Trans-cinnamaldehyde (TC) is a phytochemical isolated from the essential oil of cinnamon 
bark. It is generally recognized as safe (GRAS) by the FDA and is approved in food 
applications (FDA, 2015b). No observed adverse effects, from sub-chronic and chronic 
studies (Adams et al., 2004) and also no genotoxic or mutagenic effects were reported 
regarding TC (Amalaradjou et al., 2009). Previously C. sakazakii biofilm production was 
reduced from abiotic surfaces by 4.0 log after 96 h of exposure to 38 mM TC. (Amalaradjou 
and Venkitanarayanan, 2011a). Also, according to Amalaradjou et al. (2009) TC (0.5%) 
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reduced C. sakazakii in infant formula to undetectable levels by 4 h/23-37°C and 10 h/4-
8°C, respectively. Although the antimicrobial activity of TC has been reported against C. 
sakazakii, C. botulinum, S. aureus, E. coli, and S. typhimurium (Smith-Palmer et al., 1998); 
its application in infant formula for improving its safety has not been investigated in depth. 
To our knowledge, no information is available on the combination of TC with HP 
application to improve B. cereus spore inactivation in infant formula. The current study 
was designed to 1) investigate the efficacy of TC (0.1%) and HPP (600 MPa) to inactivate 
B. cereus spores in reconstituted infant formula, 2) explore the structural alterations in B. 
cereus after the TC and HP treatments, and 3) evaluate the storage stability of HP-TC-
treated infant formula stored at 7 and 23°C. 
5.3. Materials and Methods 
5.3.1. Bacterial Strains, Spores and Preparation of Inoculum 
Five strains of B. cereus (ATCC 14579, ATCC 33018, ATCC 12826, ATCC 4342, and 
Difco Spores) were obtained from the American Type Culture Collection (ATCC) and each 
strain was cultured in 5 ml of brain heart infusion (BHI) broth and incubated at 30°C for 
24 h with three consecutive transfers at 24 h intervals. Cell counts were confirmed by using 
a spiral plating method with tryptic soy agar (TSA) and the Eddy Jet spiral plater (Neutec 
Group, Inc., Farmingdale, NY, USA). The counts were determined by the Flash and Go 
plate reader (Neutec Group, Inc., Farmingdale, NY).  
To induce sporulation, a 1 ml of each strain of fresh B. cereus culture in BHI broth was 
spread over a previously prepared sporulating agar (BBL Agar #2; 6 g gelatin, 4 g casein, 
3 g yeast extract, 1.5 g beef extract, 1 g dextrose, 15 g agar, 0.3 g manganous sulfate per 
liter) plate using a sterile bent rod and incubated aerobically at 30°C for 7-10 days. 
Formation of spores were revealed by phase-contrast microscopy examination. When more 
than 95% sporulation was achieved, the plates were flooded with 10 ml cold, sterile 
deionized (DI) water and the spores were dislodged by a sterile bent glass rod. The pooled 
suspensions from several plates were then washed with cold DI water five times by 
centrifugation at 14,000×g for 15 min at 4°C and re-suspended one fifth of the original 
volume in cold sterile DI water. In order to kill the remaining vegetative cells, the final 
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spore suspension in sterile DI water was heat shocked at 90°C for 10 min and cooled 
rapidly on crushed ice and stored at 4°C up to 1 month. Spore population in the final 
suspension was determined by spiral plating on TSA and incubating at 30°C for 24-48 h. 
All microbiological media and supplements used in the study were supplied from Difco 
Laboratories (Sparks, MD, USA) unless otherwise was reported. 
5.3.2. Phytochemical: Trans-cinnamaldehyde 
Plant-derived natural bioactive compound (phytochemical), trans-cinnamaldehyde (TC) is 
an amber-yellow colored liquid with a pH of 5.43, which was obtained from Sigma-Aldrich 
(St Louis, MO, USA) and stored at 4°C until used. 
5.3.3. Formula Preparation and Inoculation 
Commercially available powdered infant formula (PIF) (Similac Advance Stage 1, Abbott 
Nutrition, Columbus, OH, USA) was purchased from a local retailer. PIF was prepared 
with sterile deionized (DI) water according to the manufacturer’s instructions (1 scoop (8.3 
g): 2 fl oz. (59.14 ml) DI water) and stirred well with a sterile magnetic stirrer (Fisher 
Isotemp Digital Stirrer, Pittsburg, PA, USA) at 150 rpm for 10 minutes to completely 
dissolve the powder. PIF was used within 30 days of opening the package. Initial 
background bacterial population of reconstituted PIF was determined by total plate counts 
(TPC) which were incubated at 37°C for 24-48 h. 
Reconstituted infant formula was inoculated with a 100 ml five-strain B. cereus cocktail, 
which was recently prepared to yield 7-8 log CFU ml-1 in the final reconstituted infant 
formula. After inoculation, the formula was stirred with a magnetic stirrer at 150 rpm for 
5 minutes for even distribution of the bacteria. Inoculated reconstituted PIF was divided 
into 4 batches of 1,000±25 ml and TC was incorporated to yield 1,000 ppm (mg/L) (0.1%) 
in the final formula product. Inoculated formula without addition of TC was served as the 
positive control (0 ppm), while un-inoculated pure formula with nothing added was served 
as the negative control. 
Treatments include: 
a) T0: negative control (pure formula) 
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b) T1: positive control (0 ppm TC) 
c) T2: TC (0.1%) 
d) T3: HPP (600 MPa for 5 min) 
e) T4: TC (0.1%) + HP (600 MPa for 5 min) 
Samples of 10±1 ml were distributed into sterile 10 × 15 cm 3 ply (polyester, aluminum 
foil and polyethylene) HPP-compatible bags (SP4-801EZ-500, AMPAC, Cincinnati, KY, 
USA), which provide excellent barrier for oxygen, moisture, and light. All sample 
packages were heat-sealed using an impulse heat-sealer (Uline H-89, KF-450F, Pleasant 
Prairie, WI, USA) and they were kept on ice until receiving the HPP application. Initial B. 
cereus population (7-8 log CFU ml-1) was determined by plating on TSA plates and 
incubating at 30°C for 24 h. 
All the infant formula samples were stored at 7 or 23°C up to 4-6 weeks. The surviving 
populations of B. cereus were enumerated by spiral plating on TSA plates in duplicates and 
incubated at 30°C for 24 h. Microbiological analyses, pH and emulsion stability of each 
sample were determined at each sampling time (0, 1, 2, 7, 14, 21, 28, 35, and 42 d). 
Duplicate samples from each treatment and control were used, and all the analyses were 
done in three replicates. 
5.3.4. Application of High Pressure Processing 
Reconstituted PIF (RPIF) samples were exposed to hydrostatic high pressure treatment at 
600 MPa (87,000 psi) at 4°C for 5 min, using the Avure QFP 100L-600 horizontal oriented 
high pressure processing (HPP) system (Avure, Erlanger, KY, USA). The unit was 
equipped with an industry standard 30XQ multi-intensifier pumping and decompression 
system capable of generating pressures up to 600 MPa. A 100 liter pressure vessel was 
immersed in a temperature controlled bath. Deionized water was used as the pressure-
transmitting medium in the temperature controlled bath and pressure vessel. Samples were 
placed in polyethylene bags containing a 0.8% vortex sanitizer and heat-sealed before the 
process. 
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During the HPP pressure come-up time was 1.41 min, while depressurization occurred 
within 15 s for all treatments. Temperature of the samples was recorded using an infrared 
thermometer and scanner with laser target (UX-37803-69, Cole-Parmer, Vernon Hills, IL, 
USA) as 7.5±1°C before the HPP. The HPP transmission water temperature was 4˚C before 
the process, 18.3°C during the process, and 17.2°C after the process. Temperature of the 
samples were recorded as 13±1°C at the end of the process. Samples were kept on ice 
before the HPP application and transferred over ice within 2 minutes of pressure vessel 
exit. All samples were stored at 4°C until the microbial testing was conducted after 4 h 
after exit. 
5.3.5. Microbiological Analysis of Reconstituted Infant Formula 
All RPIF samples were analyzed microbiologically at day 0, 1, 2, 7, 14, 21, 28, 35, and 42 
d. Serial decimal dilutions from each bag (two bags from each treatment) were prepared in 
sterile phosphate buffer (Difco Laboratories, Sparks, MD). Samples were spiral plated on 
duplicate TSA plates to determine the surviving B. cereus populations. TSA plates were 
counted with a Flash and Go plate reader (Neutec Group, Inc., Farmingdale, NY) after 24 
h of incubation at 30°C.  
5.3.6. Structural Analyses of B. cereus by Transmission Electron Microscopy 
After being inoculated with B. cereus spores, RPIF was applied with TC and HPP. 
Subsequently, formula samples were stored at 7°C for 24 h and then prepared for 
transmission electron microscopy (TEM) in the Electron Microscopy and Imaging Facility 
of University of Kentucky. They were prefixed in a 3.5% glutaraldehyde (Ted Pella, 
Redding, CA, USA) and 0.1 M phosphate buffer (pH 7.4) for 15 h at 4°C and afterwards 
centrifuged for 10 min at 10,000×g. For post-fixation, samples were suspended in 1% 
osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA, USA) for 2 h at 4°C. They 
were centrifuged again for 10 min at 10,000×g, and pellets were suspended in 0.1 M 
phosphate buffer. They were dehydrated in the graded series of EtOH (50-100%), 
centrifuged again and suspended in propylene oxide (PO) (Ted Pella) at room temperature 
for 20 min.  The samples were centrifuged, PO was poured off and re-suspended in a 1:1 
mixture of PO and Eponate 12 resin (Ted Pella) with accelerator for overnight lids open 
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under a lamp. After centrifugation, the resin was removed without disturbing the cells and 
the cells were poured on fresh resin with accelerator and left for 1 h with lids open under a 
lamp. The resin changed was repeated for three times and polymerized for 48 h at 60°C. 
The resin blocks were sectioned on a Reichert-Jung Ultracut E microtome (Reichert 
Ultracut S, Leica, Wetzlar, Germany) with a Diatome diamond knife (LKB, Sweeden). The 
sections were stained with uranyl acetate (Electron Microscopy Sciences) and lead citrate 
(Electron Microscopy Sciences) for 5 and 2 min, respectively.  The examination of the 
specimens was carried out using a Philips Tecnai Biotwin 12 transmission electron 
microscope (FEI, Netherlands). All chemicals used in the TEM processes are supplied from 
Fisher Scientific (Fair Lawn, NJ, USA) unless otherwise stated. 
5.3.7. Statistical Analysis 
Each experiment was replicated three times (two samples/replicate) with different batches 
of infant formula. All data were analyzed using a 4 × 2 × 9 × 3 (number of treatments × 
storage temperatures × storage (sampling) times × number of replicates, respectively) 
factorial design. Statistical Analysis System (SAS 9.4, 2013, SAS Institute Inc., Cary, NC, 
USA) General Linear Model (GLM) was used for Analysis of Variance. Least-square 
means were used along with the Tukey’s test in order to determine the significant 
differences (P <0.05). All analyses were undertaken at the 95% confidence level. 
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5.4. Results and Discussion 
5.4.1. Survival of B. cereus spores as Affected by High Pressure and Trans-
cinnamaldehyde 
A cocktail of 5 strain-B. cereus spores in RPIF equivalent to 108 CFUml-1 were subjected 
to TC (0.1%), HP (600 MPa for 5 min) and the combination of the two. The survival and 
inactivation of B. cereus spores were determined at storage temperatures 7 and 23°C as 
demonstrated in Figures 5.1 and 5.2. The specific temperatures were chosen to mimic the 
storage temperatures of the prepared-in-advance PIF in order to simulate the situations as 
the lack of adequate refrigeration and advanced preparation by parents, or staff at daycare 
or hospital. To represent the refrigeration temperature of most households 7°C is selected 
which is above the required 4°C refrigeration temperature (FDA, 2015a), and 23°C is the 
room temperature. 
When RPIF was stored at 7°C, B. cereus spores were inactivated 2.4 log cycles by the 
combination of HP and TC (T4) immediately after 24 h of storage (Fig 5. 1). A relatively 
lower inactivation was observed with T2 (HP) and T3 (TC), by 0.9 and 0.93 log cycles, 
respectively. It is clearly visible from Fig 5.1 that B. cereus spores in control formula (T1) 
started to germinate and outgrow at 7 d, increasing their population at least 1 log cycle. 
Conversely, the other treatments appeared to inactivate B. cereus spores continuously over 
the 42 d storage period. The highest inactivation rates were observed at 14 d storage by 
1.64, 1.62 and 3.1 log reductions with T2, T3 and T4, respectively. Almost 0.5 log recovery 
was observed in B. cereus spores at 21 d with T2 and T4, which may be attributed to the 
stressed and weakened spores battling to survive. Similarly, an increase in B. cereus spores 
at 42 d was observed with treatments T3 and T4. According to Abee et al. (2011) variations 
in the fluidity of the inner spore membrane may be involved in the resistance of spores to 
pressure. Since HP reduces membrane fluidity (Winter and Jeworrek, 2009), a higher 
fluidity of the inner spore membrane might enable it to maintain its barrier properties at 
higher pressure levels and hence increase the spore’s resistance to pressure (Reineke, 
Ellinger, et al., 2013). The inactivation effect of T4 was higher compared to T2 and T3, 
whereas that of T2 was higher than T3 (P <0.05). These findings suggest that the 
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combination of TC and HP has an additive antimicrobial effect against B. cereus spores in 
RPIF. 
 
 
Figure 5.1. Survival of B. cereus spores in reconstituted powdered infant formula as 
affected by TC (0.1%) and HP (600 MPa for 5 min) stored at 7°C. Each point is the mean 
of two samples taken from three replicate experiments (n=2×3=6). Error bars denote SD. 
 
Figure 5.2 shows the inactivation behavior of B. cereus spores in RPIF subjected to HP and 
TC treatments and stored at 23°C. After being dormant for 2 d, B. cereus spores in control 
RPIF samples (T1) started germinating and increasing their population up to 7.5 log 
CFUml-1 at 7 d. Other treatments, however, resulted in a significant inactivation (P <0.05) 
at 7 d, T4 being the most effective treatment by 2.4 log reduction, followed by T3 with 1.9 
log reduction. B. cereus spores appeared to recover in T3 and T4 at 14 and 21 d, 
respectively. The recovery might be due to the spores gaining resistance against the 
treatments and recovering from their stressed stages. No recovery was seen in RPIF 
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exposed to T2. The resistance of spores to combined pressure and antimicrobial agents 
depends on their ability to retain DPA, and on the resistance of DPA-free spores to the 
antimicrobials. The inactivation effect of T4 was higher compared to T2 and T3, whereas 
that of T2 was higher than T3 (P <0.05). T4’s status as the most effective antimicrobial 
treatment in RPIF might be the result of the additive antimicrobial effect of TC and HP 
against B. cereus spores. At the end of the 28 d storage period at 23°C, the highest 
inactivation up to 2.1 log was achieved with HP alone (T2) and the combination of HP and 
TC (T4). The inactivation effect of T3 was also significant (P <0.05) by 1.6 log reduction. 
 
 
 
Figure 5.2. Survival of B. cereus spores in reconstituted powdered infant formula as 
affected by TC (0.1%) and HP (600 MPa for 5 min) stored at 23°C. Each point is the 
mean of two samples taken from three replicate experiments (n=2×3=6). Error bars 
denote SD. 
 
23°C
Storage Time (hour)
0 1 2 7 14 21 28
B
. c
er
eu
s 
sp
or
es
 L
og
 C
FU
/m
l
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
T1 (control)
T2 (HP, 600 MPa)
T3 (0.1% TC)
T4 (HP, 600 MPa+0.1% TC)
(day) 
120 
 
When the two storage temperatures were compared, 23°C (room temperature) appeared to 
favor the growth of B. cereus spores in control RPIF more than 7°C with almost 1 log 
higher population at 28 d. Additionally, a higher B. cereus growth was observed at 23°C 
in RPIF treated with other treatments (T2-T4) which supports the inhibition effect of 
refrigeration temperature. In general, a higher inactivation rate (P <0.05) was observed at 
23°C than 7°C at 28 d.  Previous studies reported that inactivation of spores requires a 
combination of HP and heat or other antimicrobial procedures (Margosch et al., 2004). Our 
results are in good agreement with these studies as HP combined with TC showed a higher 
inactivation rate. High pressure at low temperatures can induce germination of spores, 
thereby decreasing their intrinsic resistance to physical and chemical stresses (Van Opstal 
et al., 2004). Depending on the pressure treatment parameters, spore germination can be 
accompanied by inactivation of germinated spores. The explanation of why not all spores 
are inactivated by high pressure (600 MPa) has been studied in detail for Bacillus spp. 
(Wuytack et al., 1998), where they found that the germination process induced at 600 MPa 
was incomplete, lacking the steps in which the small acid soluble spore proteins (SASPs) 
are degraded and ATP is produced. As a result of this terminated germination process, the 
spores might lose their heat resistance but not their resistance to HP, antimicrobial agents, 
hydrogen peroxide and UV light. 
The previous studies on B. cereus in McIlvaine buffer inactivation did not exceed 2 logs at 
20°C irrespective of the pressure rate, but reached up to 6-7 logs at 600 MPa at >40°C (Oh 
and Moon, 2003). McClements et al. (2001) treated two B. cereus strains in milk at 400 
MPa, and found no inactivation at 8°C, and 0.5 log reduction at 30°C. Shearer et al. (2000) 
reported a 4 log inactivation of B. cereus spores after a 10 min treatment at 392 MPa/45°C. 
Together, these results suggest that pressure treatment has some potential for reducing the 
viability of B. cereus spores if only combined with heat treatments. 
In our study B. cereus spores in RPIF were inactivated up to 2 logs with 600 MPa HP and 
3 logs by the combination of 600 MPa HP and 0.1% TC. Although a slight recovery was 
observed with some treatments, the injured cells could not be recovered fully and the 
growth rate of the survivors was much lower than that of the untreated cells. Heat 
treatments decrease the nutritional value of the dairy products and infant formula by 
destroying the important nutrients including proteins, vitamins and minerals. Therefore, in 
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order to reduce the health risks in infant formula, it is very important to use non-thermal 
effective measures such as HP and phytochemicals to control B. cereus. According to our 
findings, temperature also plays a key role in the storage and shelf-stability of the prepared-
in-advance infant formula. The CDC recommends that RPIF should be discarded after 24 
h of refrigeration, and prepared formula should not be stored at room temperature for more 
than 4 h (CDC, 2012). 
5.4.2. The PH Changes in Reconstituted Infant Formula as Affected by High Pressure 
and Trans-cinnamaldehyde 
The changes of pH values in RPIF after being treated with TC and HP are presented in 
Tables 5.1 and 5.2. The initial pH of the PIF reconstituted with DI water was 6.84. The 
incorporation of 0.1% TC and did not result in any significant changes in the pH values. 
However exposure to HP caused a slight increase in pH values from 6.84 to 7.4 at 7°C 
storage. The recommended pH in infant food is ≥ pH 5.00 (FDA, 2015b), which was 
accomplished in this study with all treatments in infant formula samples regardless of the 
storage temperature with an exception at 28 d/23°C with T3. At 7°C storage, RPIF with 
HP applications (T2 and T4) were appeared to have higher pH than T1 and T3 until 21 d 
(Table 5.1). The control RPIF samples (T1) had a significantly lower pH compared to the 
treated RPIF at 35 d, which accounts for the preservation ability of TC and HP. It is clearly 
visible in Table 5.2 that the pH values in RPIF treated with T3 and T4 were significantly 
higher (P <0.05) than those of T1 and T2. The pH of RPIF samples with T1 and T2 started 
decreasing to pH 5 (threshold for infant food) at 14 d/23°C. This pH reduction over the 
extended storage specifically with non-HP treatments might be due to the deterioration of 
the formula as well as the microbial growth and metabolic activity caused by high 
temperature (23°C) (Abushelaibi et al., 2003b; Richards et al., 2005). Figure 5.3 (A-D) 
shows the alteration of emulsion stability in un-inoculated RPIF after 28 d of storage at 
23°C, specifically with non-HP treatments (A and D). Gravitational separation 
(creaming/sedimentation) was observed, where the cream moved upward (creaming) 
because they have a lower density than the milk/serum. The droplets in the creamed 
emulsion, however, were re-dispersed by mild agitation (e.g., stirring or shaking), provided 
that they were not too strongly attracted to each other and that coalescence did not occur 
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(McClements, 2007). The TC and HP treated RPIF samples were able to retain their 
emulsion stability regardless of the storage temperature and time. Findings of significant 
pH decrease in formula stored at room temperature (23°C) support the previous studies on 
C. sakazakii (Richards et al., 2005), B. cereus (Jaquette and Beuchat, 1998), L. 
monocytogenes (Abushelaibi et al., 2003a), and E. coli O157:H7 (Deng et al., 1998). 
Steadiness of pH in RPIF stored at 7°C regardless of the treatments applied is the 
verification of the remarkable preservation effect and the safety of the refrigeration 
temperature (Abushelaibi et al., 2003a). 
 
Table 5.1. PH changes in reconstituted powdered infant formula stored at 7°C as affected 
by TC (0.1%) and HP (600 MPa for 5 min).  
Storage 
Time 
(Day) 
 PH at 7°C 
Treatments 
T1 T2 T3 T4 
0 6.84 ± 0.04 6.84 ± 0.04 6.84 ± 0.04 6.84 ± 0.04 
1 7.23 ± 0.03 7.63 ± 0.04 7.17 ± 0.02 7.58 ± 0.03 
2 7.13 ± 0.03 7.52 ± 0.03 7.13 ± 0.02 7.48 ± 0.04 
7 7.05 ± 0.04 7.4 ± 0.02 7.11 ± 0.02 7.44 ± 0.01 
14 6.94 ± 0.02 7.21 ± 0.03 7.07 ± 0.04 7.35 ± 0.03 
21 6.88 ± 0.05 7.16 ± 0.05 7.01 ± 0.13 7.38 ± 0.06 
28 6.76 ± 0.03 6.97 ± 0.06 7.02 ± 0.04 7.26 ± 0.14 
35 5.81 ± 0.09 A 6.89 ± 0.02 B 7 ± 0.09 B 7.32 ± 0.02 B 
42 6.89 ± 0.04 6.81 ± 0.05 6.95 ± 0.08 7.37 ± 0.03 
Each point is the mean of two samples taken from three replicate experiments (n=2×3=6). 
A-B Between treatments within the same day, means that do not share a common letter 
differ significantly (P <0.05). Error bars denote SD. 
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Table 5.2. PH changes in reconstituted powdered infant formula stored at 23°C as affected 
by TC (0.1%) and HP (600 MPa for 5 min).  
Storage 
Time 
(Day) 
 PH at 23°C 
Treatments 
T1 T2 T3 T4 
0 6.84 ± 0.04 6.84 ± 0.04 6.84 ± 0.04 6.84 ± 0.04 
1 5.46 ± 0.07 A 5.65 ± 0.02 A 7.15 ± 0.02 B 7.43 ± 0.11 B 
2 5.53 ± 0.01 A 5.58 ± 0.02 A 6.97 ± 0.03 B 7.27 ± 0.02 B 
7 5.28 ± 0.02 A 5.19 ± 0.04 A 6.80 ± 0.06 B 6.96 ± 0.09 B 
14 5.00 ± 0.02 A 5.04 ± 0.01 A 6.54 ± 0.05 B 6.82 ± 0.03 B 
21 5.02 ± 0.02 A 5.06 ± 0.02 A 6.56 ± 0.05 B 6.44 ± 0.13 B 
28 4.97 ± 0.01 A 4.99 ± 0.02 A 4.42 ± 1.49 A 6.04 ± 0.19 B 
Each point is the mean of two samples taken from three replicate experiments (n=2×3=6). 
A-B Between treatments within the same day, means that do not share a common letter 
differ significantly (P <0.05). Error bars denote SD. 
 
 
Figure 5.3. Emulsion stability of un-inoculated reconstituted infant formula treated with 
HP; A and C, and without HP; B and D stored at 7 and 23°C, respectively, for 28 days. 
 
5.4.3. Structural Alterations in B. cereus as Affected by the Application of Trans-
cinnamaldehyde and HP 
TEM was used in order to investigate the internal structural changes in TC and HP treated 
B. cereus cells. Figure 5.4 illustrates the morphological alterations both in B. cereus spores 
(A1-D1 and A2-D2) and vegetative cells (A3-D3) with treatments T1-T4. It is clearly 
visible that all treatments exhibited remarkable alterations in cell morphology when 
compared to the control cells (T1). All the treatments appeared to cause similar stress and 
 A  C  D  B 
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damage to B. cereus spores by means of unclear inner and outer membranes and no visible 
cortex or core. Untreated B. cereus spores, however revealed a very distinct exosporium 
and cortex layer with definite inner and outer membranes (Fig 5.4 A1 and A2). The core 
was also very clear and intact with noticeable DNA, ribosomes and other internal contents. 
HP and TC treated B. cereus spores resulted in a distortion in both their inner and outer 
membranes (Fig 5.4 B1-D1 and B2-D2). Their cortex layer was seriously damaged and 
was not visible. It is clearly visible in Figures 5.4 C1 and C2 that TC caused a remarkable 
degradation in the exosporium layer. Additionally, the spore surfaces appeared serrated 
and interior material was disorganized. In Fig 5.4 C1, the injured spore was enclosed in an 
empty and wrinkled vegetative cell, revealing the significant damage to both spore and the 
vegetative cell. In Fig 5.4 B2, the spores appeared shattered with exposed and disorganized 
internal content. They did not have any visible membranes or any other protective coats.  
Pressure conditions above 500 MPa, combined with antimicrobial or physicochemical 
agents, interfere with the inner spore membrane and cause a direct release of Ca-DPA (Ca-
dipicolinic acid)  bypassing the individual germination steps (Reineke, Ellinger, et al., 
2013). Therefore, it is assumed that high pressure opens the spores’ Ca-DPA channels and 
then releases Ca-DPA and ions. All these cause the hydration of the spore core followed 
by the hydrolysis of the cortex and inactivation (Reineke, Ellinger, et al., 2013; Reineke et 
al., 2011). Combination of HP and TC resulted in a huge cavity in the spore core (Fig 5.4 
D2). Although the inner and outer membranes were visible with severe damages, the 
interior content was no longer viable. The porous network structure or the cavities in the 
spore core are possibly the result of the Ca-DPA release and degradation of the cortex 
(Reineke, Ellinger, et al., 2013). The findings of our study support the previous studies 
where they also found related structural deformations in B. subtilis spores as a result of HP 
(100-800 MPa) treatment (Margosch et al., 2004; Reineke, Ellinger, et al., 2013; Reineke 
et al., 2011). 
The cell wall of Gram-positive B. cereus is composed of multiple layers of peptidoglycan 
and a cytoplasmic membrane. It is evident from Fig 5.4 A3 that the untreated (control) B. 
cereus vegetative cells demonstrated a very well distinct cell wall and intact, visible interior 
materials including DNA, ribosomes and the cytoplasm. Exposure to HP, however caused 
wrinkles in the cell wall (Fig 5.4 B3) and cell shrinkage (Fig 5.4 D3) which might be 
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attributed to the surface stress and contraction. Porous network structure and holes inside 
the cells were observed in Fig 5.4 B3 and ghost-like empty vegetative cells were detected 
with all treatments. It is evident from Fig 5.4 C3 that the penetration of TC into the B. 
cereus cells not only caused deformations and indentations on the cell surface, but also 
resulted in serious damage in the cell interior. One end of the rod-shaped vegetative cell 
was broken and the cell contents were released, causing an empty cell with spider web-like 
residuals inside. Exposure to HP and TC together also caused very significant alterations 
in the structure of B. cereus cells with no visible cell walls and cell contents (Fig 5.4 D3). 
Some of the released material was also visible in Fig 5.4 D3. Similar structural 
deformations in Gram-positive vegetative cells were also reported by means of cell 
membrane damage, cell wall rupture and chromosome degradation (Margosch et al., 2004). 
Both high pressure (Smelt et al., 2001; Yang et al., 2012) and antimicrobial treatments 
(Huang et al., 2008; J. Díaz-Visurraga, 2010) caused similar interior and exterior structural 
alterations. The distortion of the physical structure of the cell could cause the expansion 
and destabilization of the membrane and increase membrane fluidity (Reineke, Ellinger, et 
al., 2013), which in turn increases the passive permeability and manifests itself as a leakage 
of various vital intracellular constituents, such as ions, ATP, nucleic acids, sugars, enzymes 
and amino acids (Beveridge, 2006). 
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T1 (control) T2 (HP, 600 MPa) T3 (0.1% TC) T4 (HP + TC) 
    
    
    
Figure 5.4. Transmission electron microscopy observations of B. cereus vegetative cells 
(A3, B3, C3 and D3)and spores (A1-D1 and A2-D2) in reconstituted infant formula with 
treatments T1, control (A1-3); T2, 600 MPa HP for 5 min (B1-3); T3, 0.1% TC (C1-3) and 
T4, 0.1% TC+600 MPa HP for 5 min (D1-3).  
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5.5. Conclusion 
The results of our study demonstrated that TC and HP showed significant antimicrobial 
activity by remarkably eliminating B. cereus spores in infant formula both at refrigeration 
and room temperature within the storage temperatures and times recommended by the 
CDC.  
In general B. cereus spores in RPIF were inactivated up to 2 logs with 600 MPa HP and 3 
logs by the combination of 600 MPa HP and 0.1% TC. The inactivation effect of T4 was 
higher compared to T2 and T3, whereas that of T2 was higher than T3 (P <0.05). These 
findings suggest that the combination of TC and HP has an additive antimicrobial activity 
against B. cereus spores in RPIF.  The highest inactivation rates at 7°C were observed at 
14 d storage by 1.6 log with T2 and T3, whereas T4 caused a 3.1 log reduction. At the end 
of the 28 d storage period at 23°C, up to 2.1 log reduction was achieved with HP alone 
(T2) and the combination of HP and TC (T4). The inactivation effect of T3 was also 
significant (P <0.05) by 1.6 log reduction. The possible explanation for remarkable 
decrease in pH of non-HP treated RPIF stored at 23°C compared to the HP-treated and 
refrigerated RPIF, is the safety, shelf-stability and the preservative ability of refrigeration 
temperature and HPP together. Structural deformations in both vegetative cells and spores 
of B. cereus supported the antimicrobial and inactivation effect of HP and TC applications 
in RPIF. TEM observations of disorganized spore core and cortex, the porous network 
structure or the cavities in the spore core revealed the release of Ca-DPA and degradation 
of the cortex. These structural distortions indicate that the inactivation is mainly due to cell 
membrane damage, cell wall rupture and chromosome degradation.  
Exposure of RPIF to room temperature for long time periods appeared to cause a decrease 
in pH as well as higher growth rates in B. cereus spores. Therefore, if not consumed 
immediately, prepared formula should be promptly refrigerated and storage at room 
temperature or higher temperatures should be kept at a minimum. Together, these results 
suggest that HP treatment has some potential for reducing the viability of B. cereus spores 
in infant formula. TC also found to have antimicrobial activity against B. cereus spores 
although being utilized at very low concentrations (0.1%). Therefore, TC and HP either 
alone or in combination, could be utilized as promising antimicrobial applications in infant 
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formula production to replace the thermal processes and synthetic preservatives. They are 
natural and safe ways to enhance the safety and shelf-stability of infant formula. Further 
research is also needed on the effect of phytochemicals on the endogenous microflora in 
infants concurrent with the potential toxicity of these to infants. More work needs to be 
done to identify the most efficient HP process conditions, particularly for baby food 
applications. 
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CHAPTER 6. OVERALL CONCLUSIONS 
The phytochemicals TC, EGCG, and GI demonstrated varying degrees of antimicrobial 
activity against B. cereus vegetative cells and spores although they were utilized at very 
low concentrations (0.05%). Among the phytochemicals applied to rice cereal, TC 
exhibited the highest antimicrobial inhibition against B. cereus and its spores by 2.7 and 
3.8 log CFU g-1 reduction, respectively. It is evident from this study that rice cereal treated 
with TC and stored at 7°C (above the refrigeration temperature of 4°C) for 24 h did not 
support the growth of B. cereus and its spores.  
C. sakazakii in RPIF reached the highest population (9.2 log CFU ml-1 at 14 d) when stored 
at 23°C. Application of 600 MPa HP for 5 min remarkably inactivated C. sakazakii  in 
RPIF by 7.3 and 8.1 log CFU ml-1 after 4 h and 2 d of storage at 7°C, respectively.  The 
combination of TC, CH and HP (T8) demonstrated a higher and faster antimicrobial 
activity (P <0.05) compared to the other treatments, possibly due to the additive 
antimicrobial effect of the bioactive compounds and HP when used in combination. 
Although some C. sakazakii cells were able to recover after HPP, all C. sakazakii cells 
were inhibited to undetectable levels at 28 d/7°C and 42 d/23°C storage. B. cereus spores 
in RPIF were inactivated up to 2 logs with 600 MPa HP and 3 logs by the combination of 
600 MPa HP and 0.1% TC, regardless of the storage temperature. The inactivation effect 
of HP was higher than 0.1% TC (P <0.05). In addition, HP and 0.1% TC combination 
showed the highest inactivation effect against B. cereus spores. These findings suggest that 
the combination of TC and HP has a synergistic antimicrobial activity against B. cereus 
spores in RPIF.  The remarkable decrease in pH of non-HP treated RPIF stored at 23°C 
compared to the HP-treated and refrigerated RPIF can be attributed to the safety, shelf-
stability and the preservative ability of refrigeration temperature and HPP together.  
TEM observations supported inference of the antimicrobial activity of HP and bioactive 
compound applications. Significant deformations in the cell wall and interior of C. 
sakazakii cells were observed with the release of intracellular content including cytoplasm, 
DNA, and ribosomes. Furthermore, structural deformations in both vegetative cells and 
spores of B. cereus indicated that the inactivation is mainly due to cell membrane damage, 
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cell wall rupture and chromosome degradation. TEM observations of disorganized spore 
core and cortex, the porous network structure or the cavities in the spore core revealed the 
release of Ca-DPA and degradation of the cortex.  
Sensorial attributes of reconstituted infant rice cereal and infant formula were subjectively 
evaluated by an adult panel. Although the color and aroma attributes of phytochemicals 
were found significantly different (P <0.05) from the plain (control) rice cereal, texture, 
overall appearance and acceptability were not found to be significant. Sensorial changes in 
the RPIF were not significant from the control samples, which supports the feasibility of 
HP and bioactive compound applications in infant formula. Exposure of RPIF and rice 
cereal to high temperatures (23-45°) for long time periods appeared to cause a decrease in 
pH as well as higher growth rates in B. cereus spores. Room temperature storage was also 
found to favor the C. sakazakii growth most; exposure of RPIF to room temperature or 
above, therefore, should be kept at a minimum. If not consumed immediately, prepared 
formula and cereal should be promptly refrigerated.  
The results of this study suggest that TC, EGCG, GI and CH can provide a reasonable way 
to protect infants from B. cereus, C. sakazakii and similar pathogenic diseases transmitted 
through contaminated formula and cereal. They could be incorporated in infant formula 
and rice cereal as a natural preservative to replace synthetic ones. Additionally, HPP either 
alone or in combination with TC and CH could be a natural and safe processing alternative 
to thermal processes. Further research is needed on the effects of bioactive compounds on 
the endogenous microflora in infants concurrent with the potential toxicity of these 
bioactive compounds to infants. More work needs to be done to identify the most efficient 
HP process conditions, particularly for baby food applications. Combinations of these 
compounds and HP process conditions should be evaluated for a higher antimicrobial 
activity targeting to maximize the lethal activity against B. cereus and C. sakazakii and 
minimize the individual amounts of the compounds needed to accomplish this goal. Long 
term effects of the aforementioned applications also need to be investigated for both the 
baby foods and the babies.  
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APPENDIX 
 
Table A.1. Sensory evaluation scores for reconstituted infant rice cereal. 
Color 
0 1 2 3 4 5 6 7 8 9 
Extremely light         Neither light or dark     Extremely dark   
Texture (Mouth feel) 
0 1 2 3 4 5 6 7 8 9 
Extremely disliked    Neither liked/disliked              Extremely liked 
Aroma 
0 1 2 3 4 5 6 7 8 9 
Non-detectable            Neither detectable/intense            Extremely intense 
General Appearance  
0 1 2 3 4 5 6 7 8 9 
Extremely liked           Neither liked/disliked        Extremely disliked 
Overall Acceptance 
0 1 2 3 4 5 6 7 8 9 
Extremely unacceptable   Neither acceptable/unacceptable   Extremely acceptable
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Table A.2. Water activity of B. cereus inoculated reconstituted infant rice cereal with and 
without the bioactive active compounds.  
 
Storage 
Time (h) 
Treatments (0.05 %) 
Control TC EGCG GI 
Storage at 7°C 
0 0.92 ± 0.02 0.92 ± 0.01 0.93 ± 0.02 0.92 ± 0.01 
4 0.92 ± 0.02 0.93 ± 0.02 0.96 ± 0.02 0.93 ± 0.02 
8 0.92 ± 0.02 0.94 ± 0.02 0.94 ± 0.02 0.94 ± 0.02 
24 0.91 ± 0.02 0.93 ± 0.03 0.92 ± 0.01 0.93 ± 0.03 
Storage at 23°C 
0 0.92 ± 0.02 0.92 ± 0.01 0.93 ± 0.02 0.92 ± 0.01 
4 0.92 ± 0.03 0.92 ± 0.02 0.94 ± 0.03 0.92 ± 0.02 
8 0.91 ± 0.03 0.92 ± 0.02 0.94 ± 0.01 0.92 ± 0.02 
24 0.89 ± 0.03 0.93 ± 0.02 0.91 ± 0.01 0.93 ± 0.02 
Storage at 37°C 
0 0.92 ± 0.02 0.92 ± 0.01 0.93 ± 0.02 0.92 ± 0.01 
4 0.92 ± 0.02 0.94 ± 0.02 0.95 ± 0.02 0.94 ± 0.02 
8 0.91 ± 0.02 0.92 ± 0.02 0.93 ± 0.03 0.92 ± 0.02 
24 0.91 ± 0.02 0.92 ± 0.04 0.89 ± 0.03 0.92 ± 0.04 
TC, trans-cinnamaldehyde; EGCG, (-)-epigallocatechin gallate; GI, [10]-gingerol 
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Table A.3. Water activity of reconstituted infant rice cereal inoculated with B. cereus 
spores applied with and without the bioactive active compounds. 
 
Storage 
Time (h) 
Treatments (0.05 %) 
Control TC EGCG GI 
Storage at 7°C 
0 0.92 ± 0.02 0.91 ± 0.02 0.93 ± 0.02 0.92 ± 0.01 
4 0.92 ± 0.02 0.9 ± 0.02 0.96 ± 0.02 0.93 ± 0.02 
8 0.93 ± 0.02 0.9 ± 0.02 0.94 ± 0.02 0.94 ± 0.02 
24 0.91 ± 0.02 0.92 ± 0.01 0.92 ± 0.01 0.93 ± 0.03 
Storage at 23°C 
0 0.92 ± 0.02 0.91 ± 0.02 0.93 ± 0.02 0.92 ± 0.01 
4 0.92 ± 0.03 0.9 ± 0.01 0.94 ± 0.03 0.92 ± 0.02 
8 0.91 ± 0.03 0.89 ± 0.01 0.94 ± 0.01 0.92 ± 0.02 
24 0.9 ± 0.02 0.92 ± 0.02 0.91 ± 0.01 0.93 ± 0.02 
Storage at 37°C 
0 0.92 ± 0.02 0.91 ± 0.02 0.93 ± 0.02 0.92 ± 0.01 
4 0.92 ± 0.02 0.91 ± 0.02 0.95 ± 0.02 0.94 ± 0.02 
8 0.92 ± 0.02 0.91 ± 0.02 0.93 ± 0.03 0.92 ± 0.02 
24 0.91 ± 0.02 0.91 ± 0.02 0.89 ± 0.03 0.92 ± 0.04 
TC, trans-cinnamaldehyde; EGCG, (-)-epigallocatechin gallate; GI, [10]-gingerol
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Table A.4.  Scores of sensory attributes of reconstituted infant rice cereal stored at 7°C for 24 h.  
 
Hedonic scale: 9=strong [or like] extremely, 5=neither strong [or like] nor weak [or dislike], and 1=weak [or dislike] extremely. 
Between treatments within the same day, means that do not share a common letter differ significantly (P<0.05). 
Between times within the same treatment, means do not share a common letter differ significantly (P<0.05).  
 
Table A.5. Scores of sensory attributes of reconstituted infant rice cereal stored at 23°C for 24 h.  
 
Hedonic scale: 9=strong [or like] extremely, 5=neither strong [or like] nor weak [or dislike], and 1=weak [or dislike] extremely. 
Between treatments within the same day, means that do not share a common letter differ significantly (P<0.05). 
Between times within the same treatment, means do not share a common letter differ significantly (P<0.05).  
  
 
 
Storage time at 7°C 0 4 8 24 0 4 8 24 0 4 8 24 0 4 8 24
Texture 5.3 ± 1.6 5.3 ± 1.7 5.5 ± 2.1 5.6 ± 0.9 5.8 ± 1.9 5.1 ± 1.9 5.7 ± 2.3 5.3 ± 1.4 4.8 ± 0.8 5.5 ± 1 5.5 ± 1.6 5.6 ± 1.3 5.5 ± 1.1 5.4 ± 1 5.6 ± 1.2 5.4 ± 0.5
General appearance 5.4 ± 1.2 5.2 ± 2.6 5.1 ± 1.8 5.3 ± 1.2 5.8 ± 2 5.6 ± 1.4 5.4 ± 0.9 5.2 ± 1.2 5.8 ± 1.2 5.5 ± 1.2 5.4 ± 1.4 5.8 ± 1.3 5.4 ± 0.7 5.4 ± 0.7 5.2 ± 0.8 5.4 ± 0.7
Overall acceptability 6.7 ± 1.7 5.9 ± 2.1 5.2 ± 2.2 5.4 ± 2 5.3 ± 2.5 5.7 ± 1.7 5 ± 1.6 5 ± 0.6 6.1 ± 1 5.9 ± 0.9 5.7 ± 1 5.9 ± 1.6 7 ± 1 5.4 ± 1 5.5 ± 0.5 5.2 ± 1.1
Sensory attribute Control Trans-cinnamaldehyde
Treatments (0.05 %)
(-)-Epigallocatechin gallate 10-Gingerol
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Table A.6. Sensory evaluation scores for reconstituted infant formula. 
Color 
1   2   3   4   5   6   7     8  9 
_______________________________________________________________________ 
Extremely unacceptable   Neither acceptable/unacceptable                                     Extremely acceptable  
Texture (Mouth feel) 
1   2   3   4   5   6  7  8    9  
_______________________________________________________________________ 
Extremely unacceptable         Neither acceptable/unacceptable                                      Extremely acceptable 
Aroma 
1   2   3   4   5   6  7  8    9 
_______________________________________________________________________ 
Non-detectable        Neither detectable/intense                                             Extremely intense  
Overall Acceptance 
1   2   3   4   5   6  7  8    9    
_______________________________________________________________________ 
Extremely unacceptable   Neither acceptable/unacceptable                                     Extremely acceptable 
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